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SUMMARY 
S e v e r a l  d i f f e r e n t  f l i g h t  r e s e a r c h  programs c a r r i e d  o u t  by NASA and t h e  
Canadian Government us ing  t h e  Augmentor Wing Jet STOL Research. A i r c r a f t  t o  
i n v e s t i g a t e  t h e  des ign ,  o p e r a t i o n a l ,  and systems requ i rements  f o r  powered- l i f t  
STOL a i r c r a f t  a r e  summarized. Some of t h e s e  programs have cons idered  hand l ing  
q u a l i t i e s  and c e r t i f i c a t i o n  c r i t e r i a  f o r  t h i s  c l a s s  of a i r c r a f t ,  and have 
addressed  p i l o t  c o n t r o l  t echn iques ,  c o n t r o l  system des ign ,  and improved cock- 
p 5 t  d i s p l a y s  f o r  t h e  powered- l i f t  STOL appr0ar.h c o n f i g u r a t i o n .  Other  programs 
have involved e x p l o i t i n g  t h e  p o t e n t i a l  of STOL a i r c r a f t  f o r  c o n s t r a i n e d  
t e rmina l -a rea  approaches w i t h i n  t h e  c o n t e x t  of p r e s e n t  o r  f u t u r e  a i r  t r a f f i c  
c o n t r o l  environments.  Both manual arid au tomat ic  f l i g h t  c o n t r o l  i n v e s t i g a t i o n s  
axe  d i s c u s s e d ,  and an e x t e n s i v e  b i b l i o g r a p h y  of t h e  f l i g h t  programs is  
i n c l u d e d .  
INTRODUCTXON 
The cu r r en t  genera t ion  of STOL t r a n s p o r t  a i r c r a f t  is cha rac t e r i zed  by 
turboprop engines and e f f i c i e n t  mechanical f l a p s  ins tea l led  on a r e l a t i v e l y  
l a r g e  wing. Although these  f e a t u r e s  permit the a i r c r a f t  t o  ope ra t e  a t  t h e  
low a i r speeds  necessary  f o r  good s t i o r t - f i e ld  takeoff  and landing performance, 
they deny the  c a p a b i l i t y  t o  achieve t h e  h igh  c r u i s e  speeds t y p i c a l  of modern 
turbofan t r a n s p o r t s .  Nevertheless ,  t h i s  genera t ion  of STOL t r a n s p o r t  a i r -  
c r a f t  can be compet i t ive  i n  terms of t r a v e l  time wi th  t h e  smal le r  c o n v e n t i o n a ~  
turbofan t r a n s p o r t s  over  s h o r t  ranges,  p a r t l y  because t h e i r  lower a i r speeds  
allow more d i r e c t  approach and landing  p a t t e r n s  i n  t h c  terminal-area,  I n  
a d d i t i o n ,  they may enjoy exc lus ive  u se  of o therwise  i n a c t i v e  s h o r t e r  runways 
a t  l a r g e  congested a i r p o r t s ,  o r  i n s t e a d ,  use much smaller  a i r p o r t s  loca ted  
c l o s e r  t o  t he  c i t y  cen t e r s .  Under t11ese condi t ions ,  n c t  only can travel. time 
be competi t ive,  b u t  n e t  ope ra t i ng  c o s t s  can a l s o  be  favorab le ,  a s  evidenced 
by t h e  i nc reas ing  use  of a i r c r a f t  such a s  t h e  De 1iavi:LLand Dash-7 f o r  t h i s  
kind o f  opera t ion .  Moreover, when t h e  d i s t r i b u t e d  c o s t s  of adding a d d i t i o n a l  
capac i ty  t o  t h e  t o t a l  t r a n s p o r t  network a r e  considered,  STOL has t he  p o t e n t i a l  
t o  provide b e n e f i t s  p a r t i c u l a r l y  i n  high-density,  a l ready  congested a r ea s ,  
I n  order  t o  expand t h e  u s e f u l  r o l e  of STOL a i r c r a f t  w i th in  t h e  t ranspor-  
t a t i o n  network, i t  becomes necessary t o  extend t h e  range f o r  which these  
a i r c r a f t  remain competi t ive with convent ional  turbofan t r anspo r t s .  This 
imp l i e s  ob ta in ing  an  i nc rease  i n  c r u i s i n g  speed by equipping t h e  a i r c r a f t  
wi th  t u r b o j e t  o r  turbofan engines ,  and reducing t h e  wing a r e a  ( i nc reas ing  t h e  
wing loading)  t o  va lues  t y p i c a l  of modern short-range jet: t r anspo r t s ,  a t  t h e  
same t i m e  maintaining t h e  s h o r t - f i e l d  performance of t he  STOL turboprop 
d e s i g n s ,  As well, i t  is  e s s e n t i a l  t h a t  t h i s  new g e n e r a t i o n  of STOL a i r c r a f t  
r emain  e f f i c i e n t  w h i l e  o p e r a t i n g  a t  Low speed i n  t h e  terminal-area ,  
The c a s e  +or a m i l i t a r y  t a c t i c a l  t r a n s p o r t  a i r c r a f t  w i t h  t h e  combined 
c a p a b i l i t i e s  j u s t  d e s c r i b e d  i s  based on somewhat d i f f e r e n t  c o n s i d e r u t i o n s .  
The requirement  f o r  fas t  STOL t r a n s p o r t s  i s  becominfi p a r t i c u l a r l y  a t t r a c t i v e  
t o  m i l i t a r y  p l a n n e r s  who a r e  i n c r e a a l n g l y  concerned w i t h  t h e  v u l n e r a b i l i t y  
and  geographic  s c a r c i t y  o f  l a r g e  conven t iona l  a i r  b a s e s .  A t  t h e  same t i m r y  
th.e m i l i t a r y  emphasis i s  t y p i c a l l y  on performance and o p e r a t i o n a l  f J e x i b i l i t y ,  
r a t h e r  than  o p e r a t i n g  economics and d e s i g n  e f f i c i e n c y ,  w i t h  t h e  r e s ~ l t  t h a t  
t h e  des ign  c o n s t r a i n t s  ( r e g a r d i n g  f u e l  economy and n o i s e  f o r  example) may be 
c o n s i d e r a b l y  re laxed  f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n .  
To r e t a i n  t h e  low takeoff  and l a n d i n g  a i r s p e e d s  i n  t h e s e  new STOL t r a n s -  
p o r t s ,  i t  becomes necessa ry  t o  i n t r o d u c e  some form of blown-flap o r  powered. 
l i f t  system t o  f u r n i s h  t h e  a d d i t i o n a l  l i f t  t h a t  cannot  b e  adequa te ly  provided 
a t  t h e s e  h i g h e r  wing l o a d i n g s  by a  mechanical  f l a p  system. I n  some powered- 
l i f t  des igns ,  t h i s  a d d i t i o n a l  l i f t  may b e  provided s imply by d e f l e c t i n g  some 
o r  a l l  of t h e  engine t h r u s t ,  t h u s  a l lowing  t h e  eng ines  t o  o p e r a t e  a t  moder- 
a t e l y  h i g h - t h r u s t  s e t t i n g s  d u r i n g  approach,  w h i l e  a l s o  a l lowing  (by v i r t u e  o f  
a n  adequate  r e d u c t i o n  i n  t h e  l o n g i t u d i n a l  t h r u s t  component) t h e  s t e e p  approac l~  
g r a d i e n t s  which a r e  t y p i c a l  o f  STOL o p e r a t i o n s .  However, i t  i s  u s u a l l y  
p o s s i b l e  through c l e v e r  aerodynamic d e s i g n  t o  g e n e r a t e  " s u p e r c i r c u l a t i o n ,  " 
c r e a t i n g  a n  amount of L i f t  due t o  eng ine  power which i s  s u b s t a n t i a l l y  i n  
e x c e s s  of t h e  amount of d e f l e c t e d  eng ine  t h r u s t ,  as shown i n  f i g u r e  1, A t  
t h e  same time, o n e r a t i o n  a t  t h e s e  unusua l ly  h i g h - l i f t  c o e f f i c i e n t s  t y p i c a l l y  
r e s u l t s  i n  h i g h  l e v e l s  of induced d rag ,  and a i r c r a f t  o p e r a t i n g  p o i n t s  l o c a t e d  
o n  t h e  b a c k s i d e  of t h e  drag curve.  These aerodynamic f e a t u r e s  create some 
new requ i rements  t h a t  do n o t  exist  f o r  conven t iona l  a i r c r a f t .  Por example, 
(1) t h e  p i J , o t f s  tochniqucl f o r  c o n t r o l l i n g  g l i d e p a t h  and aerodynamic s a f e t y  
margins d u r i n g  approach r e q u i r e s  s p e c i ~ P  c o n s i d e r a t i o n ,  (2) t h e  c r i t e r i a  f o r  
e n s u r i n g  adequa te  l i f t  margin d u r i n g  approach must be modif ied t o  i n c l u d e  t h e  
e f f e c t s  o f  changes i n  approach t h r u s t ,  (3)  d e s i ~ n  f e a t u r e s  must b e  incorpo- 
r a t e d  t o  minimize t h e  more s e r i o u s  e f f e c t s  of eng ine  f a i l u r e ,  and ( 4 )  t h e  
t h r u s t - d e f l e c t i o n  f e a t u r e  i m p l i e s  t h e  need f o r  a n  a d d i t i o n a l  c o n t r o l  i n f l u e n c -  
i n g  t h e  t h r u s t - v e c t o r  a n g l e ,  F u r t h e r  deta?.ls  of t h e s e  spec ia l ,  f e a t u r e s  o f  
powered- l i f t  a i r c r a f t  w i l l  be  d i s c u s s e d  i n  t h e  fo l lowing  s e c t i o n s  of c h i s  
paper .  
The major d e s i g n  c h a l l e n g e  r e l a t i n g  t o  t h e  n e x t  g e n e r a t i o n  of STDL 
a i r c r a f t  concerns  t h e  a b i l i t y  of t h e  d e s i g n e r  t o  minimize  he p e n a l t y  asso-  
c i a t e d  w i t h  t h e  powered- l i f t  system and, i f  p o s s i b l e ,  make t h e  STOL a i r c r a f t  
d i r e c t l y  c c m p e t i t i v e  w i t h  corresponding c o n v e n t i o n a l  t y p e s  o p e r a t i n g  a t  
v a r i o u s  l e v e l s  i n  t h e  t r a n s p o r t a t i o n  network, At t h e  same time, s p e c i a l  
d e s i g n  c o n s i d e r a t i o n s  such a s  t h o s e  no ted  above must be  addressed t o  r e s u l t  
i n  levels of s a f e t y  and o p e r a t i n g  s i r ~ p l i c i t y  t h a t  a r e  comparable t o  conven- 
t i o n a l  a i r c r a f t ,  
A major p o r t i o n  of t h e  Canadian r e s e a r c h  i n  powered- l i f t  h a s  been c a r r i e r  
o u t  by De Havi l l and  A i r c r a f t  o f  Canada working i n  c l o s e  c o o p e r a t i o n  over  many 
y e a r s  w i t h  t h e  NASA-Ames Research Center .  The Canadian e f f o r t  has  concen- 
t r a t e d  on t h e  development of jet  augmentor technology f o r  STOL a i r c r a f t ,  
o r i g i n a t i n g  a t  De Havi l l and  w i t h  s m a l l  s c a l e  wind-tunnel and powered-model 
t e s t s  t h a t  were  funded i n  Canada by De H a v i l l a n d ,  t h e  Defense Research Board 
and t h e  Department of N a t i o n a l  Defense. Encouraging t e s t  r e s u l t s  and e a r l y  
i n t e r e s t  by NASA l e d  t o  Large-scale  powered-model t e s t s  i n  t h e  NASA-Ames 
40- by 80-Foot Wind Tunnel, and subsaquently,  t h e  i t todlflcation i n  1971 of o 
Buffalo a i r c r a f t  intended t o  E l igh t  test t h e  e s s e n t i a l  low-speed f e a t u r e s  of 
t h e  augtnen t o r  wing concept , 
The development of  t h i s  test a i r c r a f t  has  been supported by j o i n t  UeS. 
and Canadian funding, and was c a r r i e d  o u t  by t h e  Boeilsg Company under con- 
tract: t o  NASA f o r  b a s i c  a i r f r ame  and c o n t r o l  system modifications, and by 
De MaviLland and Ro l l s  Royce of Canada under c o n t r a c t  t o  the  Canadian Depart- 
ment of Indus t ry  Trade and Comnerce f o r  t he  des ign  and f a b r i c a t i o r ~  of t h e  
powered-lift  system, Since i t s  f i r s t  f l i g h t  i n  May 1972, t he  Augmentor Wing 
Jet STOL Kesearch A i r c r a f t  (AWJSRA), shown i n  f i g u r e  2, has  accumulated more 
than 650 f l i g h t  hours  i n  over  700 test f l i g h t s ,  c a r ry ing  out  more than 2,500 
landfngs in the powered-lift  STOL approach c o n f i g u r a t l ~ n ~  The f i r s t  t w ~  
yea r s  of t h i p  f l i g h t  program cons is ted  of a proof-of-concept phase involving 
inves t i g a t i o n  and documentation of t h e  a i r c r a f t  ' s aerodynamic c h a r a c t e r i s  t i c s .  
The p a s t  s i x  yea r s  of i t s  opera t ion  a t  t h e  NASA-Ames Kesearch Center have 
been devoted t o  more gene ra l  i n v e s t i g a t i o n s  of a  wide v a r i e t y  of design and 
o p e r a t i o n a l  problems l i k e l y  t o  be encountered by generit. ;.owered-lift a l r -  
c r a f t .  While t h e  emphasis has  been on c i v i l  a p p l i c a t i o n s  of t h e s e  a i r c r a f t ,  
many a r e a s  of s tudy  a l s o  p e r t a i n  t o  m i l i t a r y  missions.  It i s  t h e  purpose of 
t h i s  paper t o  provide a  b r i e f  suntmary of these  f l i g h t  i n v e s t i g a t i o n s ,  which 
toge ther  c o n s t i t u t e  t h e  broades t  base of powered-lift  f l i g h t  experience 
c u r r e n t l y  a v a i l a b l e .  
Supporting these  i n v e s t i g a t i o n s ,  sad  i n  some cases  t h e  i n i t i a l  develap- 
ment of t he  a i r c r a f t ,  have been t h e  NASA-Ames F l i g h t  Simulator f o r  Advanced 
A i r c r a f t  (FSAA), an advanced d i g i t a l  av ion ic s  r e sea rch  system (sTOLAND) pro- 
vided by Sperry P l i g h t  Systems under c o n t r a c t  t o  NASA-, a  s e p a r a t e  fixed-base 
s imula t ion  f a c i l i t y ,  and t h e  NASA f l i g h t  test f a c i l i t i e s  n t  Anics and a t  Crows 
Landing, Ca l i fo rn i a .  While most of t he se  i n v e s t i g a t i o n s  (now near ing  comple- 
t i o n )  have been i n i t i a t e d  and c a r r i e d  ou t  by NASA, s e v e r a l  have b w n  p r o p ~ s c d  
and c a r r i e d  o u t  by Da Havil land and t h e  Nat iona l  Research Council  of  Canada 
(NRC), s t i l l  t o  meet mutual o b j e c t i v e s ,  Zn t h e  course  of t he se  f l i g h t  tests, 
t h e  a i r c r a f t  has  been flown and evaluated by p i l o t s  from a v a r i e t y  of govern- 
ment agencies  and m i l i t a r y  s e r v i c e s  from t h e  U . S .  and Caneda, and t o  a lesser 
degree,  B r i t a i n  and France. 
Concurrent wi th  t he se  low-speed f l i g h t  r e sea rch  e f f o r t s  which have com- 
p r i s e d  t h e  bu lk  of t h e  more r ecen t  coopera t ive  r e sea rch  e f f o r t s ,  some promis- 
i n g  developments i n  t h e  high-speed c r u i s e  regime r e s u l t i n g  from t h e o r e t i c a l  
des ign  and model tests employing s u p e r c r i t i c a l  a i r f o i l  s e c t i o n s  have been 
t e s t e d  i n  bo th  NASA and NRC wind tunne ls .  Some e a r l y  r e s u l t s  from t h i s  work, 
which was f i n a n c i a l l y  supported on t h e  Canadian s i d e  by t h e  Department of 
Nat ional  Defense, a r e  r epo r t ed  i n  r e f e r ence  I. I n  add i t i on ,  some encouraging 
r e s u l t s  from recen t  l a rge - sca l e  powered-model tests a t  NASA-Ames i n d i c a t e  t he  
p o t e n t i a l  b e n e f i t s  of applying augmentor technology t o  VTOL a i r c r a f t  ( r e f .  2) . 
The success  and s i g n i f i c a n c e  of nea r ly  £ i f  telsn yea r s  of coopera t ive  
development of  augmentor technology stem from the  con t inu i ty  of e f f o r t  which 
has  been a f forded ,  a s  well a s  t he  oppor tun i ty  f o r  t he  j o i n t  U.S./Canadian tcnm 
of  engineers  and s c i e n t i s t s  from both  i ndus t ry  and government t o  t ake  advan- 
t a g e  of t he se  unique l a rge - sca l e  NASA ae ronau t i ca l  r e sea rch  f a c i l i t i e s .  
AIRCRAFT DESCRIPTION 
The AWJSRA is  a modified De Havi l land of Canada DHC-5 Buffa lo ,  a s  shown 
i n  f i g u r e  2. This a i r f r ame  provided an e f f e c t i v e  means t o  i n v e s t i g a t e  t h e  
b a s i c  low-speed Ecntures  o f  t h e  augmentor-wing powered- l i f t  concept  withouc 
I n c u r r i n g  t h e  c o n s i d e r a b l y  g r e a t e r  expense O F  a more comprehensive d e s i g n ,  
For example, i t  was p o s s i b l e  t o  modify t h e  b a e i c  B u f f a l o  winga t o  c o n t a i n  t h e  
9 
powered- l i f t  system, and excep t  f o r  t h e  a d d i t i o n  o f  n h y d r a u l i c  c o n t r o l  
s u r f a c e  a c t u a t o r ,  no changes were r e q u i r e d  t o  t h e  empennage. I n  a d d i t i o n ,  t h e  
u n d e r c a r r i a g c  is  f i x e d ,  pe rhaps  n d e s i r a b l e  f e a t u r e  f o r  a n  a i r c r a f t  whose r o l e  
i s  t o  perform p r i m a r i l y  approach and l a n d i n g  i n v e s t i g a t i o n s ,  
The a i r c r a f t :  i s  equipped w i t h  a n  augmentor f l a p  arrangement,  shown i n  
f i g u r e  3 ,  which is blown i n t e r n a l l y  by t h e  c o l d  bypass f low from twa Rol l8  
Royce Spey 801-SF eng ines ,  Th i s  co ld  f low is  cross-ductcd t o  minimize 
l a t e ra l  and d i r e c t i o n a l  t r a n s i e n t s  i n  t h e  even t  of an  eng ine  f a i l u r e .  me 
r e s i d u a l  h o t  t h r u s t  from each  engine is  exhausted through r o c a t a b i c  nozz lec ,  
which when v e c t o r e d  t o  a downward p o s i t i o n ,  conven ien t ly  p rov ide  ample reduc- 
t i o n  i n  l o n g i t u d i n a l  f o r c e  f o r  s t e e p  approaches .  These n o z z l e s  are capab le  of 
h i g h  r o t a t i o n  r a t e s ,  and when a l s o  modulated about  t h e i r  deployed p o s i t i ~ n ,  
f u r n i s h  s i g n i f i c a n t  c o n t r o l  of l o n g i t u d i n a l  f o r c e  wi thou t  any major d i s rup-  
t i o n  i n  l i f t .  P r o v i s i o n  e x i s t s  f o r  a modest amount of d i r e c t  l i f t  c o n t r o l  
through symmetric a c t u a t i o n  o f  e l e c t r o h y d r a u l i c  choking s u r f a c e s  des igned 
a s  p a r t  of t h e  inboard  augmentor f l a p  segments. The p i l o t  has  no d i r e c t  
c o n t r o l  over  t h e s e  s u r f a c e s ,  which a r e  a v a i l a b l e  f o r  i n c o r p o r a t i o n  i n  a 
s t a b i l i t y  augmentation system. F i g u r e  4 i l l u s t r a t e s  t h e  overhead c o c k p i t  
c o n t r o l  l a y o u t  used f o r  p r o p u l s i o n  system management, 
a To i n c r e a s e  t h e  wing l o a d i n g  t o  l e v e l s  more represen ta t ive ,  of a p roper  
d e s i g n ,  the maximum gross  weight  was i n c r e a s e d  by 0.4 kN (9000 l b ) .  Tn 
a d d i t i o n ,  t h e  span  was reduced by approximately  5 m ( 1 7  f t )  , a l though  t h i s  
r e s u l t s  i n  n f u r t h e r  compromise on t h e  a s p e c t  r a t i n  b e s t  s u i t e d  t o  a twin- 
eng ine  des ign .  
This  p a r t i c u l a r  power-plant arranpomsnt i s  one t h a t  is  a b l a  t o  f u r n i s h  
t h e  requi rad  blowing a i r f l ow  t o  rha augmentor f l a p  whl le  making c f f e c t i v e  uso 
of  cha residual,  c o r e  t h r u s t ,  S ince  t h a  dc t f in l t ion  of  t h i s  das ign ,  s e v e r a l  
a 
devcjlopments \lava baen mada i n  power-*plant and augmentor tectlnology (rofa, 3 
and 4)  t h a t  could r e s u l t  i n  s i g n i f i c a n t  improvements i n  key ope ra t i ng  charoc- 
t e r i s t i c s  auch a s  n o i s e  and f u e l  consumption, More d e t a i l s  on t h a  phys i ca l  
c h a r a c t e r i s t i c s  of khe research  a i r c r a f t  me found I n  r e f e r ence  5, whi le  
documentation of  i t s  b a s i c  aerodynamic c h a r a c t e r i s t i c s  from an e a r l i e r  phase 
o f  f l i g h t  t e s t i n g  n o t  discussed i n  t h i s  paper i s  contained I n  r e f e r ence  6, 
RESEARCH AVXONZCS SYSTEM 
The A\4SSR.4 is  equipped wi th  a camprehens i~~e  and E lex ib l e  digits1 avioniss 
r e sea rch  system r e f e r r e d  t o  a s  STOLAND, providing t h e  primary func t ions  of 
nav iga t ion ,  guidance, c o n t r o l  (v i a  f l i g h t  d i r e c t o r  and/or  automatic se rvos)  , 
d i s p l a y  genera t ion ,  and system management. The system is  shown schemat ica l ly  
X 
i n  f i g u r e  5, and is  more ex tens ive ly  descr ibed i n  reEerence 7. The arrangement 
oE t h e  var ious  c o n t r o l s  and d i s p l a y s  i n  t he  cockp i t  i s  shown i n  f i g u r e  6 ,  A 
l abo ra to ry  fixed-base s imula t ion  E a c i l i t y  has  provided t h e  means f o r  t h e  
development and v e r i f i c a t i o n  of f l i g h t  sof tware ,  and has  a l s o  been used f o r  
p i l o t  familiarization and pre l iminary  eva lua t ion  during t h e  development of  
t h e  va r ious  programs. The 32 K/18 b i t  ward minicomputer shown i n  f i g u r e  5 
s e rves  nav iga t iona l ,  guidance, and c o n t r o l  requirements  through i n t e r f a c e s  
wi th  che programmable e l e c t r o n i c  cockpi t  d i s p l a y s ,  c o n t r o l  system servos ,  and 
t h e  p i l o t ' s  mode s e l e c t i o n  panel ,  A rho-theta  a r e a  naviga t ion  (RNAV) system 
is  incorpora ted ,  providing a f l e x i b l e  c a p a b i l i t y  f o r  multisegment and curvi-  
l i n e a r  p r o f i l e s ,  i n  a  VOR, TACAN, o r  MLS naviga t ion  environment, 
Control-system BarvoB wllich provide t h e  c a p a b i l i t y  t o  inlploment a wide 
v a r i a t y  of f l i gh t :  c o n t r o l  conEigurtztionr,l c o n s i s t  of p a r a l l e l  ~ l a c t r o m e c f ~ a n i c n l  
a c t u a t o r s  on t h e  p i l o t ' s  column, wheel and rudder con t ro l e ,  t h e  dun1 segment 
augmentor Elapr~,  t h e  t h r o t t l e s ,  and t h e  nozzles .  E l e c t r o l ~ y d r a u l i c  series 
a c t u a t o r s  a r e  l oca t ed  i n  t h e  e l e v a t o r ,  l a t e r a l  con t ro l ,  and ruddar c o n t r o l  
system 2inknges. Tho d i r ac t - l iE t - con t ro l  chokes a r e  a l s o  con t ro l l ed  through 
t h e  computer providing a means t o  vary  t h e  l i f t  c h a r a c t e r i s t i c s  of  t he  a i r -  
c r a f t .  The p i l o t  o r  c o p i l o t  haa t h e  c a p a b i l i t y  t o  e f f e c t  programming changes 
i n  f l i g h t  tllrough a  keyboard Located on t he  3.0wer c e n t e r  console,  enabXing a  
v n r l e t y  of  system conf igura t ions  t a  be  evaluated dur ing  a s i n g l e  E l i g t ~ t .  Tfle 
system employs an  ex t ens ive  set of on-l ine monitors t o  ensure proper  ope ra t i on  
o f  both hardware and sof tware  func t ions ,  a f e a t u r e  pnrticu1arl.y important f o r  
automatic  landing i n v e s t i g a t i o n s  and on advanced automatic f l i g h t - c o n t r o l  
programs where many c o n t r o l s  may be moving a t  once. 
The ex tens ive  c a p a b i l i t y  of t h i s  system, p a r t i c u l n r l y  i t s  progranunable 
f eacu re s ,  e x p l o i t s  t h e  unusual c o n t r o l  system f l e x i b i l . i t y  of t h e  research  
a i r c r a f t  t o  a l low i n v e s t i g a t i o n  of a  broad range of systems concepts poten- 
t i a l l y  app l i cab l e  t o  p re sen t  and f u t u r e  powered-lift  a i r c r a f t .  However, i t  
ahould be  emphasized t h a t  t h e  use of  advanced av ion ic s  and control. systems 
which may b e  implied i n  t h i s  p r e sen t a t i on  i s  no t  neces sa r i l y  e s s e n t i a l  f o r  t he  
development and e f f e c t i v e  a p p l i c a t i o n  of t he se  a i r c r a f t .  I n  a d d i t i o n ,  t h e  
systems and ope ra t i ona l  procedures needed t o  support  e f f e c t i v e  a p p l i c a t i o n  of 
t he se  a i r c r a f t  t o  meet m i l i t a r y  mission requirements may be s u b s t a n t i a l l y  
cliEEerent, 
Tt~ca Eliglit-east progrnmB summnrizad i n  thltr praafsntaelon wera c a r r i e d  out: 
ae th& NASA-Amos rest  f a c i l i t y  l oca t ad  a t  Cmwa Landing, CallEovnla, shown i n  
figure: 7 ,  A STOL runway d o E i n ~ d  i t r  nccordarncn witli J?M Advisory Circular 
J150/5309-8 is  eetsblJsllad on one of tka CTOL runways, and l o  racrved by A 
tnicrowave landing sys  tam (MLS) aquippcd wi th  DEIE, Itndar t racking ,  a i r - to-  
ground talamatry,  d a t r  manicorLng end recording,  and conununicatlon f a c i l i t i e s  
a r a  provided t o  o*rjport  t e s t  opernt ions.  Zlle terminal-araa approach and 
landing investigationbi which hnvc been cinrried ou t  ware conducted using tlia 
l o c a l  naviga t ion  cnvironmcnt, conalr,;.L~g prkmiirily of a TACAN f a c i l i t y  loca ted  
on the  a i r p o r t ,  i n t e r f a c i n g  to  t h e  precision Mt6, 
ED1NUAb CQNTROI, l?LTC;IIT XNVESTZGATZONS 
Fligl l tpath Control  Considcrnt ion~l  f ? ~ F o w c r e d - L i f t  A i r c r a f t ,  T11e oporu- 
t i o n  of powered-lift  a i r c r a f t  at: h i g h - l i f t  c o e f f i c i e n t s  on the  backside of the  
drag curve and using de f l ec t ed  thrust :  f o r  gl ideyaeh eon t ro l  Can present  a 
number of con t ro l  problems f o r  t h e  p i l o t .  For example, t he  c h a r n c t e r i s t i c s  of 
t he  El ightpa th  and a i r speed  responses t o  an Incremental t h r u s t  change, whcn 
a t t i t u d e  i s  held cons tan t ,  are shown i n  f i g u r e  8 f o r  two d i f fe ren t :  inclin;l- 
t l ons  of the t h r u s t  vec tor  angle .  I n  the  case  of  t h e  foria,rd-inclined thrust: 
vec tor  ( f i g ,  8 ( a ) ) ,  t he  p i l o t  must contend with respanse6 t o  h i s  s i n g l e  con- 
t r o l  input  i n  both speed and g l idepa th  t h a t  t y p i c a l l y  develop with undesirably 
long time cons tan ts ,  The responses f o r  a t h r u s t  vec tor  i nc l ined  even s l i g h t l y  
a f t  involve  a speed reduct ion  which, i f  allowed t o  p e r s i s t ,  r e s u l t s  i n  a 
dep le t ion  i n  t h e  long-term f l i g h t p a t h  angle  from i t s  maximum value ,  A s  n 
proludo t u  f l i g h t  axparimants i n  cha AWJSM, thaaa chnrac re r i s c i ce  had boen 
invaat%gatcd i n  d e r a i l  a n a l y t i c a l l y  and during p i locad  ~ i m u l a t i o n s ,  ae ropsr ted  
i n  re faranca  8, The Pfigifst: (9vaZ1rntion o f  a rnngcj of thesa  chnrnctcriascicm I n  
t;hs AWJSBA, which war@ implementad utting rlso prugrnmmable f cn tu ros  o f  chc 
STQLANI) f l i g h t  c o n t r o l  eyskem, vol idntad tka  prev; tou~ f inding8 and prnvldcd 
now d @ ~ i g n  c r i t e r i a  f o r  t h i a  c l a s s  of a i r c r a f t .  
This  rassnrch  eEEorC a l s o  conoidcred vnrSuu8 a i r c r a f t  dosign paramstera 
which InEluonce cha shorb-term f l ighcpnch response c h a r a c t e r i s t i c s  i n  t he  
context: o f  t h e  landing Elare .  F l a r e  techniques using both p i t c h  n t t l t u d c  and 
t h r o t t l e ,  separn to ly  o r  togother ,  were cvnluaced. Far the  caeo nf f l a r i n g  
with pSkch, tlla s i n g l e  mast important: parameter was found t o  bo Iscave 
damping, a quan t i t y  a t r o l ~ g l y  nffecccd by l i f t -curvr!  s lope ,  approach airapocd,  
and wing loadingI  Prel iminary r e s u l t s  def in ing  b o u n d a r i e ~  of a c c e p t a b i l i t y  
arc, repor ted  i n  rc fcrence  9: n more d e t a i l e d  a n a l y s i s  wi21 bo reported i n  a 
NASA t echn ica l  publ ica t ion .h  I n  add i t i on ,  s c l ec t cd  conf igura t ions  reprasent-  
ing  different flare c h a r a c t e r i s t i c s  were evaluated at: n i g h t  i n  conjunetlon 
wi th  va r ious  runway l i g h t i n g  nrrangemants thoc were based on rhc l i g h t i n g  
system developed f o r  the  Canadian STOL Demat~strneion Program ( refcrencc  10). 
The r e s u l t s  of t h l ~  evaluat ion,  which w i l l  be repor ted  ~ o p a r a t e l ~ , ~  ind ica ted  
t h a t  t h e  n igh t  environment charac te r ized  by a v a r i e t y  aE l i g h t i n g  arrangements 
did not  m a t e r i a l l y  a f f e c t  tllc conclusion6 (regarding t h e  minimum ncceptnble 
S ln re  cha rac t e r i , s t i c s  f o r  powered-lift: STOL a i r c r a f t )  t h a t  were drawn Erom 
t h e  more comprehensive day l igh t  r e s t s .  
'pmnklin,  J, A. ; I n n i s ,  R. C. ; and Hardy, G. H. : F l i g h t  Evaluation o f  
P l igh tpa th  and Airspeed Control  Requirements f o r  the  Approach and Landing of 
STOL A i r c r a f t .  
'~mnt l ia ,  J .  A. ; I n n i s ,  R. C. ; and Hardy, G. H. : F l i g h t  Evaluat ion of 
the STOL F lo rc  and Landing During Night Operations.  
Wh%la t h i s  rasearch  appLias ka n broad range aE powarad-l&ft concepts,  
eoma configurnt ione which War@ avaluatad wars pa r tPcu la r ly  ralavftnf t o  cha 
eugmcrntor wing. Soma of chcssct conflgurartionla which could s i g n i f i c a n t l y  
i np r svs  t ha  handling c h a r n c t a r i s t i c a  of an augmantor wing a i r c r a f t  a r e  8opar- 
a t a l y  raporrad I n  ra ference  11, whcra rhc  design d e t a i l s  oE eovcxal @upport ing 
sysrarns such a s  a race-comn~and a t t i tuda-hold  SAS u a ~ ~ d  I n  t h e  course af t he  
gen@ra;t research  ara a180 deecribecl , Flt la l ly  , a summary of some apc ra t lonn l  
axparienca with tha  AWJSIU, which had bean accumulnted during t h c  f i r s t  fou r  
yea r s  of f l i g h t '  t e s t i n g  when much of tho work xaviewed i n  t h i s  s e c t i o n  was i n  
progrese, i s  repartad i n  r e f e rence  12,  
Devalopmant of Proposed Airworthiness C r i t e r i a  f o r  Powered-LiEk 
Trnnsport r i i rc ra fc ,  A joint ;  'riASii-Fiui reseaach prsgrcim wae undcrtsken i n  1972 
i n  recogni t ion  of t he  requirement f o r  s p e c i a l  cons idera t ion  i n  t h e  c e r t i f i -  
c a t i o n  of powered-lift  a i r c r a f t .  Zks ob jec t ives  were t o  develop tentat ive? 
a i rwor th iness  c r i t e r i a  (concentrat ing on the  approaclt and Innding f l i g l l t  
phases) ,  t o  d e f i n e  dcrnonstration t e s t  cecl~niques, and t o  explore design 
impl ica t ions  of  t h e  c r i t e r i a ,  Representat ives  of the  U.S., B r i t i s h ,  Canadian, 
and French a i rwor th iness  a u t h o r i t i e s  p a r t i c i p a t e d  i n  t h i s  s tudy,  which pro- 
posed c r i t e r i a  based on (1) s imula t ion  r e s u l t s  obtained using thu h e #  Fligt l t  
S in~u la to r  f o r  Advanced Aircrof t , (2) previous Ames Research Center f l i g h t  
experience with a v a r i e t y  of  experimental powered-lift: a i r c r a f t  ( f o r  exanrplc, 
r e f ,  1 3 ) ,  and (3) recommendations from o t h e r  sources.  This e f f o r t  r c su l t ed  i n  
pub l i ca t ion  i n  1976 of " ~ r o g r e s s  Toward Development of C i v i l  Airworthiness 
C r i t e r i a  f o r  Powered-Lift A i r c ra f t t '  ( r e f .  14) .  
These proposed c r i t e r i a  were then subJected t o  d l imi t ed  f l i g h t  cvol- 
u a t i o n  by U,S, and Canadian p i l o t s  using t h e  AWJSM, 'rhc ca t egor i e s  which 
were considered dur ing  t h e  s imula t ion  and review e f f o r t  of  r e f e r ence  1 4  and 
those  which were a l s o  evaluated i n  f l i g h t  a r e  summarized belw?:  
- F l i g h t  envelope limits* 
- Safe ty  margins* 
- Approach pa th  con t ro l*  
- F l a r e  and landing* * c r i t e r i a  evaluated i n  f l i g h t  
- Propuls ion sys  tern f a i t a r e  
- Landing f i e l d  l e n g t h  
A s  an  example of t h i s  f l i g h t - t e s t  a p p l i c a t i o n  of t h e  AWJSRA, t h e  Sa fe ty  
Margins ca tegory  w i l l  b e  d i scussed  b r i e f l y ,  s i n c e  i t  u s e f u l l y  demonstrates 
some important  c h a r a c t e r i s t i c s  of powered-lift  a i r c r a f t ,  
Figure 9 shows t h e  trim (unaccelerated)  f l i g h t  envelope f o r  a powered- 
l i f t  t r a n s p o r t  i n  t h e  landing con f igu ra t i on  i n  terms of a i r speed  and f l i g h t -  
p a t h  angle.  The c e n t r a l  c l e a r  a r e a  c o n s t i t u t e s  flle u l t i m a t e  l i m i t s  of t h e  
f l x g h t  envelope. En t h e  shaded r eg ion  a t  t h e  top of t h e  c h a r t ,  the  t h r u s t  
r equ i r ed  f o r  s teady  t l i g h t  is  g r e a t e r  than t h e  maximum a v a i l a b l e ;  i n  t h e  
lower right-hand corner  i t  is  less than f l i g h t - i d l e  t h r u s t ,  Beyond t h e  r i g h t  
edge of t h e  c h a r t ,  t h e  a i r speed  exceeds t h e  p lacard  ( s t r u c t u r a l )  l i m i t ,  and 
i n  t h e  lower lef t -hand corner ,  t h e  a i r c r a f t  i s  e i t h e r  s t a l l e d  o r  otherwise 
uncon t ro l l ab l e .  The broken mini.mum-speed contour  VMLN corresponds t o  t he  
maximum-lift c o e f f i c i e n t ,  . The reg ion  of t h e  f l i g h t  envelope between 
t h e  aw and 'MIN contours  is n o t  u se fu l  f o r  con t ro l l ed  opera t ion ,  but  can 
provide  a d d i t i o n a l  p ro t ec t i on  a g a i n s t  v e r t i c a l  gus t s .  ( I n  genera l  f o r  
powered-lift  a i r c r a f t ,  i t  i s  necessary t o  cons ider  t he  rnaximum angle  o f  
a t t a c k ,  am, s a p a r a t e l y  from VMIN o r  C * )  
Safe ty  margins must then be  appl ied  t o  t h i s  u l t i m a t e  f l i g h t  envelope to  
de:lne t h e  normal o r  ope ra t i ng  envelope. F igure  1 0  summarizes t he  s a f e t y  
margins recommended i n  t h e  proposed c r i t e r i a ,  Two speed-n~argin boundaries 
were defined;  one  based on a speed margin of 30% (minimum 20 knots) from t h e  
minimum speed a t  maximum t h r u s t ,  and one based on a  15% (minimum 1 0  Icnots) 
margin from the  minimum speed corresponding t o  t h e  t h r u s t  s e t t i n g  f o r  each 
f l i g h t p a t h  angle .  An angle-of-attack margin providing p ro t ec t i on  aga ins t  an 
abrupt  20-knot v e r t i c a l  g u s t  without  exceeding am was a l s o  recommended . 
The c l e a r  a r ea  remaining i n  t he  u l t in ia te  f l i g h t  envelope a f t e r  t he se  bound- 
a r i e s  have been appl ied  i s  termed the  normal o r  ope ra t i ng  flight: envelope. 
A l l  expected f l i g h t  ope ra t i ons  should be  c a r r i e d  ou t  w i th in  t h i s  normal 
envelope while  maintaining s a f e  margins from t h e  u l t i m a t e  envelope limits. 
The f i g u r e  a l s o  shows t h e  pena l ty  on the  ope ra t i ng  envelope t h a t  certification 
under t he  c u r r e n t  r egu la t i ons  (FAR P a r t  25) would impose, 
The next  ques t ion  considered i s  where w i th in  t h i s  normal envelope the  
nominal ope ra t i ng  po in t  (A i n  f i g .  10) should be loca ted .  An important 
requirement - a l s o  considered i n  d e t a i l  Ln r e f e r ence  14 - i s  t h a t  ?-t be 
l oca t ed  s u f f i c i e n t l y  remote from t h e  upper and lower f l i g h t  envelspe bound- 
a r i e s  t o  ensure adequate g l i depa th  con t ro l  a u t h o r i t y  when making sus ta ined  
c o r r e c t i o n s  t o  g l idepa th .  However, i t  i s  a l s o  necessary t o  consider  how t h e  
a c t u a l  ins tan taneous  ope ra t i ng  po in t  may change a s  t h e  p i l o t  makes f l i g h t p a t h  
c o r r e c t i o n s  dur ing  t h e  approach. I n  a  convent ional  a i r c r a f t ,  t h e  p i l o t  
a t tempts  t o  maintain t he  approach a i r speed  nominally cons tan t .  On the  o the r  
hand, most of t h e  powered-lift  research  a i r c r a f t  have been flown t o  a  
14 
r e f e r e n c e  angle-of-a t tack.  It can b e  s e e n  from f i g u r e  LO t h a t  muximum u s e  of 
t h e  powered- l i f t  envelope f o r  t h e  purpose  o f  making f l i g h t p a t h  a n g l e  changes 
would r e s u l t  from us ing  t h e  speed-margin boundary Ear maximum t l ~ r u s t  when 
making sha l low g l i d e p a t h  c o r r e c t i o n s  (from below t h e  nominal p a t h ) ,  and u s i n g  
t h e  ang le -of -a t t ack  margin boundary when making s t e e p  g l i d e p a t h  c o r r e c t i o n s  
(from above t h e  nominal p a t h ) .  However, t h e r e  Is some q u e s t i o n  whether  t h e  
p i l o t  can f o l l o w  ouch contour8 s u c c e s s f u l l y  i n  thelt s e p a r a t e  f l i g h t  r e f e r e n c e  
parameters  are invo lved .  The purpose  o f  t h e  s a f e c y  margin phase  o f  t h e  f l i g h t  
e v a l u a t i o n  was t o  examine problems a s s o c i a t e d  w i t h  using a f l i g h t  r e f e r e n c e  
t h a t  u t i l i z e s  a s  much of t h e  normal o p e r a t i n g  envelope as p o s s i b l e .  Ques t ion6  
were i n v e s t i g a t e d  such a s ,  "Can t h e  p i l o t  u t i l i z e  a f l i g h t  r e f e r e n c e  t h a t  i s  
n e a r  t h e  corner  formed by t h e  i n t e r s e c t i o n  of t h e  two margin boundar ies?"  and, 
"How s t e e p l y  i n c l i n e d  ( i n  t h e  a i r s p e e d - f l i g h t p a t h  a n g l e  p l a n e )  can t h e  angle- 
o f - a t t a c k  boundary be?",  
S e v e r a l  s u c c e s s f u l  f l i g h t  r e f e r e n c e  mechanizat ions  were developed,  b u t  
two appeared most promising.  The f i r s t  was a s t r a i g h t f o r w a r d  combination o f  
t h e  speed-margin boundary, and the ang le -of -a t t ack  margin boundary shown i n  
f i g u r e  1 0 ,  hence a d d r e s s i n g ,  f o r  t h e  p a r t i c u l a r  c a s e  of t h e  AWJBRA, t h e  i s s u e s  
ques t ionad  above. These were  combined on a s i n g l e - n e e d l e  i n s t r u m e n t  which 
d i s p l a y e d  d e v i a t i o n  from t h e  c r i t i c a l  boundary, normalized by t h e  r e q u i r e d  
s a f e t y  margin. I f  t h e  a i r c r a f t  was on r e f e r e n c e ,  t h e  i n d i c a t i o n  was 100%; i f  
i t  was a t  a ( o r  minimum a i r s p e e d ) ,  t h e  i n d i c a t i o n  was 0%. For d e v j a t i o n s  MAX 
i n t o  t h e  normal envelope,  t h e  ins t rument  i n d i c a t i o n s  were g r e a t e r  than  100%. 
The o p e r a t i n g  p o i n t  A was l o c a t e d  c l o s e  t o  t h e  i n t e r s e c t i o n  o f  t h e  speed and 
ang le -of -a t t ack  boundar ies  i n  f i g u r e  10.  Because of t h e  p i l o t i n g  problems 
a s s o c i a t e d  w i t h  changing from c o n t r o l l i n g  a i r s p e e d  d u r i n g  upward c o r r e c t i o n s  
and angle-of-at tack f o r  downward c o r r e c t i o n s ,  a s  well a s  t he  e f f e c t s  of atmo- 
s p h e r i c  d i s tu rbances ,  t l r i s  implementation was somewhat d i f f i c u l t  t o  f l y ,  b u t  
neve r the l e s s  was r a t e d  a s  acceptab le .  
I n  o rde r  t o  a l l e v i a t e  higher  than  desirerl. l t t7  :kload, ari a d d i t i o n a l  dizcc-  
t i v e  element was added t o  t h e  d i s p l a y  which, when nul led  with a n  app rop r i a t e  
change i n  p i t c h  a t t i t u d e ,  r e s u l t e d  i n  a recovery of  de s i r ed  margins. This  
e l imina ted  t h e  d i f f e r i n g  response of t h e  "raw" f l i gh t - r e f e r ence  d i s p l a y  when 
changing between speed and angle-of-at tack boundaries and suppressed shor t -  
term e f f e c t s  o£ atmospheric d i s turbances .  This d i r e c t e d  p i t c h  a t t i t u d e  was 
now considered a s  a new s i n g l e  c o n s i s t e n t  f l i g h t  re fe rence ,  whi le  t h e  "raw" 
d i sp l ay  was used t o  confirm i t s  proper e f f e c t .  This  s i g n i f i c a n t l y  reduced t h e  
workload a s soc i a t ed  wi th  maintaining s a f e t y  margins dur ing  both visua: and 
instrument  approaches ( t o  a l e v e l  below t h a t  f o r  maintaining r e f e r ence  speed 
i n  a CTOE a i r c r a f t )  without s a c r i f i c i n g  any of t h e  normal opera t ing  envelope. 
The d e f i n i t i o n  and implementation of  a f l i gh t - r e f e r ence  parameter,  which, 
l i k e  speed i n  a convent ional  a i r c r a f t ,  s e rves  t o  preserve  aerodynamic s a f e t y  
margins, is somewhat more complicated i n  a powered-lift  a i r c r a f t .  This 
research  demonstrated t h a t  t 1 ~ '  bafe ty  margin c r i t e r i a  developed i n  r e f e r -  
ence 1 4  appeared t o  be su i t i i b l e  f o r  t h e  AWJSRA, and t h a t  a s i n g l e  f l i g h t  
r e f e r ence  which d i d  no t  s a c r i f i c e  any of t h e  r e s u l t i n g  normal ope ra t i ng  
envelope could be implemented and flown e a s i l y  by the  p i l o t .  
Vectored Thrust  and Automatic Speed Control  Concepts f o r  Powered-Lif t 
A i r c r a f t .  C h a r a c t e r i s t i c  of powered-l i f t  a i r c r a f t  i s  t h e  d e f l e c t i o n  (u sua l ly  
by some aerodynamic means) of a s i g n i f i c a n t  percentage of t he  a v a i l a b l e  
t h r u s t  t o  a d i r e c t i o n  approximately normal t o  t h e  f l i g h t p a t h .  For des igns  
where v i r t u a l l y  a l l  of t he  a v ~ l i l a b l e  t h r u s t  i s  de f l ec t ed  through aerodynan~ic 
means assao~;lated wit11 t h e  wing o r  f l a p  design,  g l i depa th  c o n t r o l  i s  then 
usua l ly  e f f e c t e d  by modulating t h e  magnitude of t h i s  powered-lift  ch rus t  t h a t  
is  used dur ing  the  course  of an  approach. I f  speed is  kept  approximately 
c o n s t a n t ,  t h i s  a c t i o n  i n  t h e  l ong  term in f luences  t he  aerodynamic angle-of- 
a t t a c k  r e su l tgng  i n  a change i n  induced drag,  thereby causing a change i n  
f l i g h t p a t h  angle .  The i s s u e s  a s soc i a t ed  wi th  t h i s  mode of con t ro l ,  usua l ly  
termed the  "Backside Control  Technique," have been widely i n v e s t i g a t e d  over 
r e c e n t  yea r s ,  a s  evidenced by t h e  r e sea rch  programs j u s t  discussed.  However, 
some powered-lift  concepts  may have a v a i l a b l e  a s i g n i f i c a n t  amount of unde- 
f l e c t e d  t h r u s t  which can be  independent ly  modulated without  s i g n i f i c a n t l y  
a f f e c t i n g  l i f t ,  thus  r a i s i n g  t h e  ques t ion  of whether use  can be made oE t h i s  
r e s i d u a l  l o n g i t u d i n a l  f o r c e  t o  permit a more convent ional  f l i g h t p a t h  con t r a1  
technique. Even i f  a l l  of t h e  engine t h r u s t  Is de f l ec t ed ,  i t  may be  t h a t  t h e  
d i r e c t i o n  of  a s i g n i f i c a n t  amount of t h i s  t h r u s t  can be s u f f i c i e n t l y  vectored 
t o  provide t h e  same e f f e c t a d  The p a r t i c u l a r  c o n t r o l  technique of i n t e r e s t  
involves  c o n t r o l l i n g  g l idepa th  with p i t c h  a t t i t u d e ,  maintaining a i r speed  by 
modulating t h e  l o n g i t u d i n a l  t h r u s t  component, and l eav ing  t h e  components of 
t h r u s t  con t r ibu t ing  t o  powered-lift  a t  e s s e n t i a l l y  cons t an t  va lues  which a r e  
aerodynamically o r  economically optimum f o r  t h e  p a r t i c u l a r  approach configura- 
t i o n .  This b a s i c a l l y  convent ional  f l i g h - p a t h  c o n t r o l  technique i s  usua l ly  
r e f e r r e d  t o  a s  t h e  " ~ r o n t s i d e  Control  Technique," a l though s t r i c t l y  speaking, 
d ~ o  enable  an a l t e r n a t i v e  c o n t r o l  technique t o  be considered,  t h e r e  m u s t  
b e  a v a i l a b l e  a s i g n i f i c a n t  range of l o n g i t u d i n a l  fo rce  c o n t r o l  which can be 
obtained a t  moderately high r a t e s ,  s i m i l a r  t o  simple t h r o t t l e  usage i n  a 
convent ional  a i r c r a f t .  Consequently, slow-moving f l a p s ,  a l though s t rong ly  
i n f luenc ing  t h e  t h r u s t  vec to r  angle ,  cannot be  considered a candida te  f o r  
1 ,ongl tudinal  fo rce  c o n t r o l  and in s t ead  a r e  t r e a t e d  a s  convent ional  configura- 
t i o n  devices .  
t h e  a i r c r a f t  is s t i l l  being o p e r a t e d  a t  a  p o i n t  on  t h e  backs ide  of t h e  d r a g  
I n  t h e  AWJSRA, l o n g i t u d i n a l  t h r u s t  c o n t r o l  i s  a v a i l a b l e  by modulat ing the 
n o z z l e e  abou t  t h e i r  downward p o s i t i o n  a t  r a t e s  as h igh  a s  80 deg p e r  s e e ,  Zn 
t h e  range  80 525 deg,  f o r  example, a s i g n i f i f i a n t  amount of l o n g i t u d i n a l  
c o n t r o l  power (10.08 g) i a  a v a i l a b l e ,  w h i l e  a l s o  p r o v i d i n g  a n e a r l y  f i x e d  
a d d i t i o n  t o  t h e  powered- l i f t  produced by t h e  augmentor f l a p  syatem, a s  shown 
i n  f i g u r e  11. A f u t u r e  augmentor wing t r a n s p o r t  might employ a " t h r e e  
stream" eng ine  embodying a  geared v a r i a b l e  p i t c h  f a n  ( r e f .  3). Th is  d e s i g n  
( f i g .  12) could  a l l o w  t h e  l o n g i t u d i n a l  t h r u s t  t o  be modulated by t h e  v a r i a b l e  
p i t c h  f a n ,  w h i l e  t h e  o f f t a k e  a i r  needed t o  power t h e  augmentor f l a p  remains 
essentially f i x e d .  One advantage o f  t h i s  type  o f  deafgn i s  t o  a l l o w  
i n s t a l l e d  t h r u s t  r equ i rements  t o  h e  determined by trim performance s p e c i f i c a -  
t i o n s ,  w i t h o u t  t h e  need f o r  a d d i t i o n a l  i n s t a l l e d  t h r u s t  t o  a l s o  p r o v i d e  
f l i g h t p a t h  c o n t r o l .  
The long-term e f f e c t i v e n e s s  o f  t h e  a l t e r n a t i v e  c o n t r o l  t echn iques  j u s t  
d i s c u s s e d  i s  e v i d e n t  i n  t116 speed v s  f Z i g h t p a t h  a n g l e  t r i m  maps shown i n  
f i g u r e  13 .  The f i g u r e  on t h e  l e f t  i n d i c a t e s  t h e  range o f  c o n t r o l  over  
f l i g h t p a t h  a n g l e  which can be achieved w i t h  t h r o t t l e  changes f o r  t h e  Eixed 
v e c t o r e d - t h r u s t  n o z z l e  p o s i t i o n  shown, wi thout  c o n s i d e r i n g  t h e  s a f e t y  margin 
boundar ies  d i s c u s s e d  i n  t h e  p rev ious  s e c t i o n .  A l t e r n a t i v e l y ,  abou t  t h e  same 
range  o f  f l i g h t p a t h  a n g l e  c o n t r o l  can be  o b t a i n e d ,  i n  t h e  long  term, by 
vary ing  t h e  vectored-thrust n o z z l e  a n g l e  whi le  l e a v i n g  t h e  t h r o t t l e  f i x e d .  I n  
a d d i t i o n ,  i t :  shou ld  be  apparen t  t h a t  t h e  "f ixed"  c o n t r o l  can be  a d j u s t e d  i n  a 
t r i m  s e n s e  i n  o r d e r  t o  b i a s  t h e  a v a i l a b l e  envelope upwards o r  downwards, a 
c o n s i d e r a t i o n  addressed  i n  a  fo l lowing  s e c t i o n .  
Tilo d e t a i l s  a s ~ o c i a t e d  wi th  accomplishing g l ideputh  c o n t r o l  i n  t he  STOL 
conf igu rwt io t~  us ing  a uBackslde," o r  alternatively, a "Frontside" control, 
technique,  r e q u i r e  cons idera t ion  o f  many f a c t o r s ,  e s p e c i a l l y  t h e  short-term 
c o n t r o l  c h a r a c e e r i s t i c s .  Complementary t o  t h e  work descr ibed i n  t h e  previous 
s e c t i o n s  which emphasized Backside con t ro l ,  research  has  been c a r r i e d  out  
towards determining t h e  s t a b i l i t y  augmentation, cockpi t  d i sp l ay ,  and p i l o t  
control-system requirements chat  may be necessary t o  support  t h e  use  of t h e  
e Fron t s ide  c o n t r o l  technique. Although t h e  ava i1 ,ab i l i ty  of a s i g n i f i c a n t  
amount a£ l o n g i t u d i n a l  t h r u s t  does p re sen t  t h e  p o s s i b i l i t y  of some of t he  
g l i depa th  con t ro r  f e a t u r e s  of a convent ional  a i r c r a f t ,  t h e  high l e v e l s  of 
induced drag  c h a r a c t e r i s t i c  of powered-l i f t  ope ra t i ons  r e s u l t s  i n  o the r  objec- 
t i o n a b l e  f e a t u r e s  t h a t  may p re sen t  c o n t r o l  d i f f i c u l t i e s  f o r  t h e  p i l o t .  For 
example, angle-of-attack changes due t o  maneuvering o r  tu rbulence  a r e  quickly 
t r a n s l a t e d  i n t o  speed changes, which r e q u i r e  immediate c o r r e c t i o n  to  avoid 
undesired changes i n  f l i g h t p a t h  angle .  I n  add i t i on ,  t h e  low a i r speeds  and 
s t e e p  approach angles  c h a r a c t e r i s t i c  of STOL a i r c r a f t  r e s u l t  i n  t h e  need f o r  
s i g n i f i c a n t l y  h igher  l e v e l s  of  c o n t r o l  a c t i v i t y  i f  using p i t c h  a t t i t u d e  t o  
c o n t r o l  g l i depa th ,  
The s o l u t i o n  t o  some of t he se  problems has  been found t o  be t h e  use  of a 
s t a b i l i t y  augmentation system t h a t  au tomat ica l ly  modulates t h e  l ong i tud ina l  
t h r u s t  component t o  maintain a cons tan t  approach a i r speed  during t h e  g l i depa th  
c o n t r o l  t a sk .  The e s s e n t i a l  f e a t u r e s  of an automatic  speed-control system f o r  
t h e  AWJSRA were inves t i ga t ed  during t h e  r e sea rch  of r e f e r ence  11 and had 
e a r l i e r  been proposed by D e  Havilland. The system was considerably r e f ined  
e ~ i n d s o n ,  W .  S. ; Hardy, G .  H. ; and I n n i s ,  R. C. : P l i g h t  Evaluat ion of 
Systems t o  Support t h e  Use of t h e  F ron t s ide  Control Technique During Steep 
Approach i n  a Powered-Lift A i r c r a f t .  Proposed NASA t echn ica l  r epo r t .  
dur ing  t h e  r e sea rch  of r e f e r ence  15 f o r  use  dur ing  a complex instrumant  
approach t a s k ,  where, as shown i n  Elgure 1 4 ,  t h e  speed r e f e r ence  
employed by t h e  system was made a  func t ion  of f l a p  conEigurat lon and weight. 
The c ross feed  from nozz les  t o  chokes shown i n  t h e  f i g u r s  s e rves  t o  i n c r e a s e  
t h e  range of  u s e f u l  c o n t r o l  a u t h o r i t y  by o f f s e t t i n g  t h e  l i f t  l o s s  t h a t  occurs  
i f  t h e  nozz l e s  a r e  excess ive ly  r e t r a c t e d  (below 60 deg) i n  t h e  course ,  kor 
example, o f  movirlg t o  hold speed during u l a r g o  upwards c o r r e c t i o n  eo gl ide-  
path.  Use i s  a l s o  made o f  any res5dual  d i r e c t - l i f t  a u t h o r i t y  Erom t h o  chokes 
t o  augment heave damping, hence improving the  i n i t i a l  g l i depa th  response t o  
p i t c h  a t t i t u d e  changes, 
Tn a d d i t i o n  t o  eva lua t ions  of automatic speed-control  systems, t h e  
i n v e s t i g a t i o n s  of t h i s  c o n t r o l  technique included t h e  development of  systems 
t o  b e t t e r  a s s i s t  t h e  p i l o t  i n  s a f e l y  execut ing t h e  STOL approach t a s k  should 
t h i s  ~ t a b i l i t y  augmentation system f a i l .  A speed-control  f l i g h t  d i r e c t o r  and 
a sidearm arrangement t h a t  i n t e g r a t e d  t h r o t t l e  and nozz le  c o n t r o l  i n t o  a  
s i n g l e  propuls ion system c o n t r o l  l e v e r  were eva lua ted  i n  f l i g h t .  They were 
found t o  be e f f e c t i v e  a i d s  i n  reducing t h e  workload involved i n  coord ina t ing  
p i t c h  a t t i t u d e  and nozz le  p o s i t i o n  (or  s imulated va r i ab l e -p i t ch  f a n  b l ade  
angle)  i n  t h e  n e a r l y  simultaneous manner t h a t  is  requi red  by t h i s  c o n t r o l  
concept.  
Development of a  Curved D e c s e r a t i n g  Instrument Approach Capabi l i ty .  A 
c a p a b i l i t y  t o  perform s t e e p ,  tu rn ing ,  and dece l e r a t i ng  approaches under 
manual c o n t r o l  and i n  instrument  meteorological  condi t ions  which was developed 
and f l i g h t - t e s t e d  i n  t h e  AWJSRA is  summarized i n  r e f e r ence  16 and repor ted  i n  
d e t a i l  i n  r e f e r e n c e  15. The gene ra l  o b j e c t i v e  of  t h i s  i n v e s t i g a t i o n  was t o  
a s s e s s  t h e  p o t e n t i a l  f o r  enhancing t h e  o p e r a t i o n a l  e f f i c i e n c y  of STOL a i r c r a f t  
by reducing terminal-area a r r i v n l  tinles, and a e l e c t i v e l y  loca  t i n g  t h e  f i n a l  
approach r o u t e  f o r  radsons of n o i s e  cur ta i lment ,  obs t ruc t ion  c learance ,  
c o n f l i c t i n g  CTOL ope ra t ions ,  o r  m i l i t a r y  t a c t i c a l  constraints. The ~ m p h a s i s  
of  t h i s  invets t igat ion was on the  manual c o n t r o l  and f l i g h t - d i r e c t o r  consi(iera- 
t i o n s  f o r  powered-lift  STQL terminal-area opera t ions ,  with t h e  o b j e c t i v e  of 
eva lua t ing  t h e  e x t a n t  t o  which s i g n i f i c a n t  operational u t i l i t y  can be achioved 
without  r equ i r ing  the  ex tens ive  use of automakic systems, 
A t y p i c a l  approach p r o f i l e  flown during t h e  i n v e s t i g a t i o n  is  shown i n  
f i g u r e  15. I n  recogni t ion  oE t h e  comprehensive n a t u r e  of t h e  STOL instrument  
approach t a sk ,  an  underlying aim of t h i s  work was t o  i n t e g r a t e  t he  naviga t ion ,  
guidance, c o n t r o l  and handling q u a l i t i e s ,  cockpi t  d i sp l ay ,  and procedural  
f a c t o r s  i n t o  a  p o t e n t i a l l y  f e a s i b l e  ope ra t iona l  framework. Features  contrkb- 
u t i n g  t o  t h e  f e a s S b i l i t y  of  t h e  t a s k  were a  mul t i func t ion ,  three-cue f l i g h t  
d i r e c t o r  f o r  p i t c h ,  r o l l ,  and t h r o t t l e  con t ro l ,  along with t h e  i n t e g r a t e d  
e l e c t r o n i c  cockpi t  d i sp l ays  i l l u s t r a t e d  i n  f i g u r e s  5 and 6. Procedures were 
developed t o  accomplish t h e  dece l e ra t ion  from terminal-area e n t r y  speed t o  t he  
f i n a l  approach speed and t o  d e a l  wi th  s t rong  winds during t h e  descending tu rn  
and t h e  f i n a l  approach. 
Three STOL c o n t r o l  concepts summarized i n  f i g u r e  16  were a l s o  evaluated 
Eor t h e i r  e f f eck  on t h e  t a sk ,  inc luding  the  automatic  speed-control system 
described i n  t h e  previous sec t ion .  The des igna t ions  of con t ro l  func t ions  
which a r e  shown i n  f i g u r e  16  i n d i c a t e  another  unique aspec t  of powered-lift  
a i r c r a f t  ope ra t ions  t h a t  is  r e l a t e d  t o  t h e  thrus t -vec tor ing  f e a t u r e  descr ibed 
e a r l i e r .  Use must t y p i c a l l y  be made of some t h i r d  long i tud ina l  con t ro l  
(o the r  than t h e  c o n t r o l s  used f o r  g l idepa th  and speed con t ro l )  to  a d j u s t  l i f t -  
dxag t r i m  s t a t e s  during approach, w i th  t h e  o b j e c t i v e  of maintaining c o n t r o l  
a u t h o r i t i e s ,  s a f e t y  margins, and ope ra t i ng  economics i n  t he  pxavni l ing  wind 
conditions. This  requirement can be  deduced from s tudy  of f i g u r e  23 which 
impliea t h a t  A change In t h e  p o s i t i o n  of t h e  f i xed  c o n t r o l  has  t h e  e f f e c t  of 
b i a s ing  t h e  a v a i l a b l e  f l i g h t  envelope upwards o r  downwards about t h e  des i r ed  
opa ra t i ng  po ln t ,  The procedure is  analogous t o  amployin8 a reduced f l a p  
s e t t i n g  f o r  approaches i n  s t t o n g  winds i n  a  CTOL a i r c r a f t  i n  o rde r  t o  preclude 
excess ive  approuch t h r u s t  s e t t i n g s ,  Tn tho  system which was developed, t h e  
proper  p o s i t i o n  f o r  t h e  trim c o n t r o l ,  whlcll t y p i c a l l y  requi red  adjustment only 
once o r  twice  dur ing  t h e  tu rn ing  descent ,  was displayed t o  t h e  p i l o t  a s  a  
f l i g h t - d i r e c t o r  cue, and was found t o  be an i n s t rumen ta l  f a c t o r  i n  reducing 
t h e  workload t o  more acceptab le  l e v e l s .  For t h e  ca se  of t he  b a s i c  AWSSRA flown 
using a  Backside cont ro3  technique and wlthout any speed-control augmentation, 
t h e  nozz le  was t h e  trim c o n t r o l ,  and i t s  proper p o s i t i o n  was computed and 
d isp layed  a s  a  f o u r t h  cue on the  f l i g h t  director, 
A comprehensive set of f l i g h t - t e s t  d a t a  desc r ib ing  naviga t ion  and 
guidance system performance, f l i g h t - d i r e c t o r  t rack ing  performance, p i l o t  
c o n t r o l  i n p u t s ,  and a i r c r a f t  response parameters a r e  presented i n  r e f e r -  
ence 15. Shown i n  f i g u r e  1 7  i s  t h e  range of p i l o t  opinion r a t i n g s  assigned t o  
t h e  t h r e e  STOL c o n t r o l  concepts during t h e  descending turn ,  f i n a l  approach, 
and l and ing  t a s k  segments. The r e s u l t s  of  t h i s  i n v e s t i g a t i o n  ind i ca t ed  t h a t  
instrument  opera t fons  on s i g n i f i c a n t l y  cons t ra ined  terminal-area approach 
p r o f i l e s  are p o t e n t i a l l y  f e a s i b l e  from a p i l o t  acceptance po in t  of view. 
Engine F a i l u r e  S tud ie s  f o r  Powered-Lift A i r c r a f t .  The problem of engine 
f a i l u r e  dur ing  low-speed approach and landing i s  p a r t i c u l a r l y  c r i t i c a l  f o r  
powered-l i f t  a i r c r a f t  which a r e  equipped wi th  only two engines.  The most 
c r i t i c a l  region appears  t o  be i n  t h e  v i c i n i t y  of f l a r e  and landing ,  s i n c e  the 
t ima natccasnrery f o r  rhe p i l o t  t o  (1) rcscognize t h a t  a  f a l l u r r s  hme uccurrsd,  
(2) achiava maximum t h r u s t  on t h s  ranlainlng angina, and (3) modify t he  £Jars, 
and landing  kechniqua appropriately, may r e s u l t  i n  crtxcasrsivcs2y hard and 
parhapa s h o r t  touchdown@, Mkhougk kha p r o b a b i l i t y  of a  f a i l u r e  occur r ing  a t  
ellis p a r t i c u l a r  rime may ba vary  low, systems and procadures t o  ansura e 
s a t i s f a c t o r y  leivel of saEaty must $ti31 be  davalopod, 
A program o f  ant i lysis ,  s imula t ion ,  and f l i g h t  test  was c a r r i e d  ou t  
cooporat$.valy w i th  Re Havil land A i r c r a f t ,  NRC, and NASA t h a t  employs? tha 
Augmentor Wing Jet STOL Rasaarch A i r c r a f t  t o  i n v e s t i g a t e  theeo i e suee ,  The 
o b j e c t i v e  of t he se  i n v e s t i g a t i o n s  was t o  i d e n t i f y  a i r c r a f t  duaign requirements 
t h a t  may bn nacessary i n  o rde r  t o  s a t i s f a c t o r i l y  handle  t he se  f a i l u r e s ,  
Various Levels of r e s t o r e d  t h r u s t  s e t t i f i g s  wers evaluated fo?lowing a simu- 
l a t e d  engine f a i l u r e  occur r ing  a t  va r ious  s t a g e s  of an  approach and during a  
s imulated landing.  Zn add i t i on  t o  assemsing t h e  s ink - r a t e  and he ight - loss  
performance t h a t  r e s u l t e d  from t h e  p i l o t ' s  manual response t o  engine f a i l u r e ,  
t h e  c a p a b i l i t y  of a f u l l y  automatic  thrust-compensation system, which imme- 
d i a t e l y  appl ied  maximum t h r u s t  on t h e  remaining engine fol lowing t h e  s e r sed  
f a i l u r e ,  was n3.so evaluated.  For t h i s  i n v e s t i g a t i o n ,  a  s imulated f l a r e  t o  a  
s imulated "ground" l e v e l  was employed. The programmable f e a t u r e s  of t he  
e l e c t r o n i c  cockpi t  d i s p l a y s  were used t o  improve r e p e a t a b i l i t y  of t h e  simu- 
t 
I 
l a t e d  f l a r e ,  s i n c e  f l i g h t  s a f e t y  cons idera t ions  precluded f a i l u r e s  during 
a c t u a l  landings.  
A t y p i c a l  series of time h i s t o r i e s  f o r  t he  automatic thrust-compensati.on 
system is  shown i n  f i g u r e  18, The lower set of curves  ohows t h e  programmed 
t h r o t t l e  and choke c o n t r o l  i n p u t s  which were i n j e c t e d  using t h e  STOLAED 
servos  t o  s imu la t e  t h e  symmetric l i f t  l o s s  t h a t  would occur during an a c t u a l  
2 3 
aitginu EaI3ur0. (&ymmatric ~ ~ P O C ~ A I  warn a l s o  ctrnctidered.) In ~rrXor t;o 
uar!tiuercly winrulata t ha  i n i t i a l  vary  r ap id  l i f t  108s t h a t  would occur  i n  rhra 
ovcnt o f  an ~ c t u a l  eudden angina Pn i lu re ,  i t  was necoesary go r e t a r d  both o f  
the. t l t rot t l las  and t o  dun~p addi t ional ,  1 i E t  w i th  t'ita chokes a t  tha txirnu o f  
"b ui-lura" 81s l~hown. Zn c h i s  axampla, t h a  automatic  complatnsarion s y ~  tom ~ll.riett 
wni) ~ i m u l a t a d  roe to red  tha thrust:  t o  j u a t  ovar  100% oP t l ~ e  o r i g i n a l  trim 
eippr~acfr vaLua s t a r t l n g  0.5 s a c  a f t e r  "Ebilnrc.  A A1'11:us t-rcsa t o t a t i o n  r a  ta  
s o ~ r e s p u n d i n g  t o  maximum s i n g l e  angin@ spool-up capability wae sinruldtcsd, Tha 
upper sak of  curvee i n  f i g u r e  18 shows t h e  f l igh tpac l?  anglls ~ n d  analamof- 
a t t a c k  r e # p o n s ~ s  whlc1.r r e s u l t  Erorn t ho  " f a i l u r e "  and the rdp id  p i t c h  r o t a t i o n  
which the p i l o t  in i t i a te rd  upon i t s  racogni t ion ,  Xn th@ cxampLe shown, 
I t  - .I ti;d,ureH Ha:: c 8 u ~ e d  t o  cccur  a t  n, p o i ~ r  30 3 (I00 f s )  ahave trlre, simalnted 
 round" l e v e l ,  The p i l o t ' s  succsss  i n  a r r e s t i n g  t h e  sudden i n c r a a s e  i n  s i n k  
Piitt i  p r i o r  t o  H t ~ ~ ~ h d ~ ~ n ' l  t o  a  l e v e l  comparable t o  a normal (no f a i l u r e )  
l anding  is  ind i ca t ed  i n  f i g u r e  19,  where t h e  s ink - r a t e  and p i t c h - a t t i t u d s  
profi les  wi th  he igh t  are p l o t t e d ,  
Although t h e  mope  of t h i s  i n v e s t i g a t i o n  was l im i t ed ,  t l ls  experience of 
this program w i l l  c o n t r i b u t e  t o  t h e  development of c e r t i f i c a t i o n  procedures 
f o r  this important a spec t  of twin-engine powered-lift  operaf ions ,  The r e s u l t s  
uf rhrve tests appear t o  i n d i c a t e  t h a t  heavy r e l i a n c e  can be  placed on ana- 
l y t i c a l  and s imula t ion  techniques t o  c e r t i f y  t h e s e  c ~ i t i c a l  f a i l u r e  ca se s .  
Power-plant Cont ro l  I n t e g r a t i o n  I n v e s t i g a t i o n s ,  The t y p i c a l  requirement 
I*U 
i n  powered-lift  a i r c r a f t  f o r  an a d d i t i o n a l  l o n g i t u d i n a l  c o n t r o l  t o  govern 
t ik t  o r i e n t a t i o n  of t h e  t h r u s t  vec to r  may complicate t he  p i l o t ' s  c o n t r o l  
~ i ~ n l p a ~ l n t i o n  and c o n t r o l  management funct ion6 i n  t h e  cockpi t .  3Cn some 
,c~wered-liEt des igns ,  t h i s  a d d i t i o n a l  c o n t r o l  may be an aerodynamic s u r f a c e ,  
such ua t:ha Coanda Elape for an uppar-surface blowing concapt,  For the 
AWJSM, t h r u s t  vec tor ing  is accomplish~td m o ~ t l y  by daploymrsnt: ~ J E  t he  8 1 0 ~ -  
moving au&mcpnt:or f l a p s ,  and p a r t l y  through nozzle  vac tor ing  (or, i n  A three- 
scream renginla daeign, ;bl.adat angle  udjus tmant oE t h e  va r i ab l s -p i t ch  fan),  Zn 
~ l e h r i r  cars@, t h e m  is usually n c o n t r o l  &vfiilabl@ t o  kha pilot :  (which is  part: 
of t h e  propufeivta-lift sysktrm and w t ~ l c l ~  Is clorrely aeeocintcsd wi th  t h e  
t h r o t t l e )  t h a t  has  tho cnpnb i l f t y  t o  cax@rciso EO s i g n i f i c a n t  amount of author- 
i t y  over kha t h r u e t  vec tor  angla  n t  con t ro l  r o t a s  which n ra  s u b s t n n t i a l l y  
higher  than  might ba t y p i c a l  of a conf igurn t ion  con t ro l  (such ns  conventionaX 
f l a p s ) ,  Tha raquircment f o r  such a con t ro l  i s  bosad on t h e  need Ear o rap id  
dcvectoring capabllikg, t o  provide nrorcs irnmadiare missed-ppprooch c a p a b i l i t y  i n  
t h e  evenr oE e n g i n ~  fa i lumi ,  and a l s o  t o  provide s rneth~d f o r  rapid and ~Efcs- 
t i v e  speed c o n t r o l  p a r t i c u l a r l y  I n  wind shear  condit ions.  
A s  descr ibed i n  a previous sec t ion ,  t h i s  addie iona l  c o n t r o l  can bts 
managed by a s t a b i l i t y  augmentarion system, usua l ly  incorporated i n  an auto- 
matic  speed-control oystem. For corr~pletely manual operat ion,  howevtsr, i t  has 
been of i n t e r e s t  t o  eva lua t e  i n  t h e  AWJSRA d i f f e r e n t  cockpit  propulsion- 
system c o n t r o l  conf iguru t ions ,  o t h e r  than the  separdf3  overhead thrott3.e and 
nozz le  l c v e r a  shown i n  f i g u r e  4 ,  To provide some f l e x i b i l i t y  i n  t h i s  regard,  
t he  power-lever i n s t a J l a t i o n  shown i n  f i g u r e  20 was designed t o  allow the  
thlcot t les  and nozzles  t o  be  cont ro l led  v i a  t he  STOLAND se rvos  i n  a v a r i e t y  of 
ways from a s i n g l e  c o n t r o l  handle,  One des igna t ion  of c o n t r o l  func t ions  wlxich 
was evaluated is  l a b e l l e d  i n  f i g u r e  20. Xn add i t i on ,  t h e  f r i c t i o n  and center-  
i n g  c h a r a c t e r i s t i c s  of t h e  power-lever could be va r i ed  to  a s s e s s  t h e i r  u t i l i t y  
f a r  improving the  p i l o t ' s  management of t he  p ropu l s ive - l i f t  system during 
Ritckeide opera t ions ,  using e i t h e r  a Backside o r  a Fronts ide  c o n t r o l  technique. 
AUTOMTZC PLTCJIIT CONTROL XNVESTIGATIONS 
Automatic Xmnding -- System Dpavlalspmeont, A major ofriorr: hae been davoted by 
NASA eo t h a  dorvalopmcant of  an  automatic  landing  c a p a b i l i t y  f o r  r:ha AWJSIM, A 
prfmnry objact9va aP t h i ~  work has baan t o  a s s a s s  t h e  app l*cab i l i t y  t o  
powarord-19Et STOL oSrcraEt  of  systems davalopmant end c @ r f i f i c a t i o n  techniques 
wllich a r a  i n  c u r r a n t  us@ for CTOI, tranraport, aircraft. DrSaETy, t ha sa  pracca- 
durs?? : .<acet heavy raliancc3 on s imulat ion,  I n i t i a Z l y  ne3 a davralopmant t o o i  and 
aubaaquantly as tho primary saurca  of a  broad base  o f  system pnrformanca d a t a  
f  n  t ha  prnsance of s p e c i f i a d  atmospheric d i s  turbancos (and sysf  em f a i l u r a  
ca se s ) .  A Limitad amount o f  f l i g h t  t e s t i n g  i t j  then c n r r i a d  ou t  $11 order  t o  
vnlldntca t he  sfatulntion rat3uLts3. Zn particular, t h e  r e l l a b l l l t y  of t he  Tow- 
p r o b a b i l i t y  d a t a  obtained from chc! a imulat ion t e s t a  2s  deduced from how well 
t h e  P l igh t -  t&s t d a t a  va l ida t ed  t h c  nrar-nomiinal cascte , 
Snrnpls d a t a  from s imula t ion  and f l i g h t  test o f  t he  AWJSM is  presented i n  
t h i s  manner i n  f i g u r e  21 f o r  one of  t h e  automatic  c o n t r o l  con f igu ra t i ons  which 
was t e s t e d ,  Fast-t ime aimulat ion technique6 were used t o  o b t a i n  a l a r g e  
populat ion,  exceeding 10,000 samples, of l anding  performance d a t a  (touchdown 
d i s t a n c e s  and s i n k  r a t e s )  i n  t h r e e  d i f f e r e n t  atmospheric condi r ians .  The 
number o f  observations which f a l l  w i th in  s p e c i f i e d  success ive  performtlnce 
i n t e r v a l s  i s  accumulated and normalized by t h e  t o t a l  @ample s i z e ,  r e s u l t i n g  i n  
a  p r o b a b i l i t y  dens i ty  func t ion ,  This  func t ion  i s  then i n t e g r a t e d  and t h e  
r e s u l t s  p l o t t e d  i n  f i g u r e  21. (A s t r a i g h t  l i n e  impl ies  t h e  observa t ions  are 
from a Normal o r  Gaussian d i s t r i b u t i o n . )  I n  f i g u r e  21(a) ,  t h e  o rd ina t e  i nd i -  
c a t e s  t h e  p r o b a b i l i t y  a s soc i a t ed  wi th  achieving a  touchdown sLnk r a t e  whicl~ i s  
I n  excess  of ang va lue  s p e c i f i e d  on t h e  absc i s sa ,  The p r o b a b i l i t i e s  
u s s o c i a t e d  w i t h  touchdown d i s  t a n c e  (Tiguxc 21(b) ) a r e  S n t e r p r e  t e d  s i m i l a r l y ,  
w i t h  a d d i  t i o n a l  i n t e r e s t  sliowt~ lu t l i ~  J l k e l i h o a d  a f  s h o r t  t ouc2ldowns, f o r  
example, at; d i s t a n c e s  l e s o  thim t h e  mean, These p r o b a b i l i t i e s  are i n d i c a t e d  
by t h e  lower  P f t  l e g  of l;hc tu rves , ,  which o r e  t o  be  a s s o c i a t e d  wi th  touchdawn 
d i s t a n c e 6  l e s s  t h a n  tlze v a l u e s  s p e c i f i e d  on t h e  a b s c i s s a .  The f a c t  t h a t  tile 
touchdown d i s p e r s i o n s  appear  norma3,ly d i s t r i b u t e d  about  t h e  mean i s  f o r t u i t o u s  
and a r e f l e c t i o n  o f  t h e  p a r t i c u l a r  au tomat ic  c o n t r o l  sys tem and s i m u l a t i o n  
model employed. To complete t h e  p r e s e n t a t i o n  of f i g u r e  21,  f l i g h t - t e s t  d a t a  
from 3 1  Landings i n  a  v a r i e t y  of a tmospher ic  c o n d i t i o n s  u s i n g  t h i s  same con- 
t r o l  sys tem a r e  s i m i l a r l y  reduced and p l o t t e d  f o r  c o s p d r i s o n ,  
For t h i s  powered- l i f t  au tomat ic  l a n d i n g  i n v e s t i g a t i o n ,  t h e  phi losophy 
which was e s t a b l i s h e d  f o r  t h e  l and ing  f l a r e  c o n t r o l  law was s i m i l a r  t o  t h e  one  
t y p i c a l l y  used f o r  conven t iona l  j e t  t r a n s p o r t s ,  That is ,  closed-loop control ,  
fo l lowing  f l a r e  e n t r y  was based on a  programmed s i n k  rate vs h e i g h t  above 
runway. For  t h i s  t n v e s t i g a t i o n ,  a p p r o p r i a t e  compensation was a l s o  made f o r  
winds, and a  Backside  c o n t r o l  t echn ique  was used i n  fo l lowing  t h e  l a n d i n g  
f l a r e  p r o f i l e .  An open-loop p i t c h  r o t a t i o n ,  l i n e a r  w i t h  d e c r e a s i n g  h e i g h t  
towards a  t a r g e t  touchdown a t t i t u d e ,  accompanied t h e  t h r o t t l e ' s  closed-loop 
c o n t r o l  of t h e  f l a r e  p r o f i l e .  The a v a i l a b i l i t y  of t h e  augmentor chokes f o r  
d i r e c t  l i f t  c o n t r o l  and t h e  v e c t o r i n g  n o z z l e s  f o r  speed c o n t r o l  al lowed eval-  
u a t i o n  of a  v a r i e t y  of powered- l i f t  STOL au tomat ic  c o n t r o l  c o n f i g u r a t i o n s  i n  
a n  e f f o r t  t o  determine t h e  t r a d e o f f s  between system complexity and p e r f o r -  
mance. Although i n t e r e s t  was focused on t h e  l a n d i n g  maneuver ( i n c l u d i n g  
decrab  t echn iques  f o r  runway a l ignment  i n  c rosswinds) ,  p r e c i s i o n  g l i d e s l o p e  
and l o c a l i z e r  t r a c k i n g  a l s o  r e c e i v e d  major emphasis, s i n c e  off-nominal condi- 
t i o n s  a t  f l a r e  e n t r y  can s t r o n g l y  a f f e c t  t h e  l and ing  performance. More than  
300 automatic  landings  culminat ing i n  t h r e e  d i s t i n c t  l o n g i t u d i n a l  c o n t r o l  
con f igu ra t i ons  and rwo runway alignment techniques were c a r r i e d  ou t  i n  a 
v a r i e t y  of  atmospheric cond i t i ons ,  Prelimitlary f l i gh t :  d a t a  from t h i s  invcs- 
t i g a t i o n  have been prev ious ly  repor ted  i n  r e f e r ence  1 7 ,  whi le  r e f c r encc  26 i s  
r e p r e s e n t a t i v e  of t h e  l a r g e  e f f o r t  which has  b:xn made i n  c o n t r o l  law clevclop- 
ment and i n  e s t a b l i s h i n g  t h e  s imula t ion  d e t a  base,  A trrore comprehensive 
r epo r t f  of t h e  s imula t ion  and f l i g h t  test ~ e s u l t s  i s  i n  prepara t ion ,  o u t l i n i n g  
f a c  t o r s  f o r  cons ide ra t i on  i n  t h e  development and c e r t i f i c a t i o n  of a n  automa t i c  
landing  capabill%y f o r  powered-lift  STOL t r a n s p o r t  a i r c r a f t .  
Advanced Autopi lo t  Design Concepts. - Simi la r  t o  s e v e r a l  new a i r c r a f t  
concepts which a r e  c u r r e n t l y  being developed, an augmentor wing jet STOI, 
r ransporc  would be  cha rac t e r i zed  by an unusual ly  l a r g e  f l i g h t  envelope, 
complex nonl inear  aerodynamics, and c o n t r o l  system redundancies.  These 
f e a t u r e s ,  p a r t i c u l a r l y  f o r  V/STOL a i r c r a f t ,  p r e sen t  a cha l lenge  t o  t h e  
des igner  of  an automatic  f l i g h t  c o n t r o l  system s i n c e  c l a s s i c a l  techniques 
based on a l a r g e  number of s ing le -poin t  l i n e a r  pe r tu rba t ion  models, adap t ive  
des igns ,  o r  ga in  schedul ing become imprac t i ca l  t o  employ. Indeed, t h e r e  is  a 
requirement f o r  even more capable  automatic  o r  semiautomatic f l i g h t  c o n t r o l  
f o r  t he se  a i r c r a f t  s i n c e  r a p i d l y  a c c e l e r a t i n g  o r  dece l e r a t i ng  t r a n s i t i o n s  
I 
, 
from o r  t o  t h e  powered-lift  con f igu ra t i on  a r e  d e s i r a b l e  t o  minimize ope ra t i ng  
t 
c o s t s  and enhance ope ra t i ona l  e f f ec t i venes s .  These maneuvers t y p i c a l l y  
involve t he  most i n t r a c t a b l e  aerodynamics and the  u se  of s e v e r a l  c o n t r o l s  
a t  once. 
f J ~ a t s o n ,  D. M.;  Hardy, G.  H . ;  and Warner, D, N . ,  Jr . :  Analysis ,  Simu- 
l a t i o n  and F l i g h t  Tes t  Determination of t h e  F-cnway Length Required f o r  t h e  
Augmentor Wing Jet STOL Airplane Automatic Landing System. Paper t o  be 
presented a t  t he  NASA A i r c r a f t  Safe ty  and Operating Problems Conference, 
Langley Research Center ,  Nov. 1980. 
A s t r u c t u r e  f o r  an advanced automatic c o n t r o l  concept wl~ich  has  t he  
p o t e n t i a l  f o r  deaLing wi th  t he se  problems i s  proposed i n  r e f e r ence  19.  
Motion o r  t r a j e c t o r y  commands a r e  generated based on a predefined r e f e r ence  
t r a j e c t o r y  o r  a l t e r n a t i v e l y ,  by t h e  p i l o t  c o n t r o l l i n g  i n  some manner t h e  
components of an app rop r i a t e  motion vec to r  (such as ve loc i ty )  , A s  i l l u s t r a t e d  
i n  f i g u r e  22, t h e  motion commands n r e  condi t ioned t o  ensure  a c c e p t a b i l i t y  of  
t h e  a s soc i a t ed  a c c e l e r a t i o n s  t o  t h e  p i l o t  (and compa t ib i l i t y  with t h e  capa- 
b i l i t y  of t he  a i r c r a f t )  and a r e  compared i n  a feedback sense  wi th  t h e  a c t u a l  
motion produced by the  system. Any d i t f e r e n c e s  a r e  p r o c e ~ s e d  l i n e a r l y  (except  
f o r  a u t h o r i t y  l i m i t i n g )  and sum,ed wi th  t h e  t r a j e c t o r y  command f o r  i npu t  t o  
t h e  c e n t r a l  f e a t u r e  of t h e  system, a mathematical model of t h e  a i r c r a f t  which 
i s  based on a p r i o r i  knowledge of i t s  f o r c e  and moment c h a r a c t e r i s t i c s .  This  
model is solved inve r se ly  t o  o b t a i n  t h e  c o n t r o l  p o s i t i o n s  needed t o  produce 
t h e  requi red  motion, whi le  t h e  e s s e n t i a l l y  l i n e a r  feedback loop makes up f o r  
any inadequacies  i n  t h e  model and compensates f o r  atmospheric d i s turbances .  
The advantages of t h i s  des ign  concept stem from t h e  l a r g e  amount of 
a p r i o r i  knowledge employed i n  the. feedforward c o n t r o l  func t ion  which, i f  
c o r r e c t ,  s i g n i f i c a n t l y  reduces t h e  feedback c o n t r o l  requirements ,  The 
modeled a i r c r a f t  r e f l e c t s  i n  a r a t i o n a l  way t h e  known e f f e c t s  of nonl inear  
aerodynamics and changes i n  a i r c r a f t  mass and i n e r t i a  parameters.  S i m i l a r i l y ,  
f l i g h t  envelope l i m i t i n g  and a h ie ra rchy  f o r  t h e  u se  of redundant c o n t r o l s  can 
be e a s i l y  e s t ab l i shed .  In  a d d i t i o n ,  t h e  bas i c  s t r u c t u r e  of t h e  a u t o p i l o t  i s  
e s s e n t i a l l y  ident. ica1 f o r  a l l  f l i g h t  v e h i c l e s ,  whose d e t a i l s  are r e f l e c t e d  i n  
t h e  aerodynamic and c o n t r o l  system elements of t h e  a i r c r a f t  model. F i n a l l y ,  
t h e  computational implementation of t h i s  concept i s  made p o s s i b l e  by t h e  r a p i d  
development of d i g i t a l  computer capac i ty ,  which when combined wi th  improved 
r e l i a b i l i t y  from c o n t r o l  system a c t u a t o r s  and motion t ransducars ,  p r e sen t s  t h e  
p o s s i b i l i t y  f o r  major sav ings  i n  s t r u c t u r a l  complexity and the  eventua l  des ign  
of f u t u r e  complex a i r c r a f t  us ing  a c t i v e  c o n t r o l s  technology, 
Although t h i s  a u t o p i l o t  des ign  co~rcept  a l lows f o r  i naccu rac i e s  i n  t h e  
aerodynamic model, t h e  importance of adequate p rec i s ion  i n  the  modeling of t h e  
fl2rce and moment c h a r a c t e r i s t i c s  of t h e  a i r c r a f t  may be c r u c i a l  i n  t h e  e f f o r t  
t o  maintain l i n e a r i t y  and s i m p l i c i t y  i n  t h e  feedback loops.  Although wind 
tunne l  and parameter es t imat ion  techniques have improved t h e  modeling accuracy 
over  r ecen t  yea r s ,  t h e r e  remain many d i f f i c u l t i e s  i n  f u l l y  understanding t h e  
complex aerodynamic i n t e r a c t i o n s  t h a t  may be  a s soc i a t ed  wi th  powered-lift  
a i r c r a f t ,  p a r t i c u l a r l y  V/STOL a i r c r a f t .  I n  an e f f o r t  t o  a s s e s s  t h e  p o t e n t i a l  
f o r  t h i s  f l i g h t  c o n t r o l  concept i n  t h e  l i g h t  of t h e s e  and o the r  d i f f i c u l t i e s ,  
i t s  a p p l i c a t i o n  t o  var ious  r e sea rch  a i r c r a f t  operated by t h e  NASA-Ames 
Research Center is being undertaken* Reference 20 desc r ibes  t he  development 
of t h e  i nve r se  a i r c r a f t  model with i t s  Imposed ope ra t i ona l  c o n s t r a i n t s  f o r  t h e  
AWJSRA, inc luding  a lgor i thms  f o r  i t s  computational implementation. Using t h e  
fixed-base s imula t ion  f a c i l i t y ,  t h e  system was developed f o r  eva lua t ion  on 
s p e c i f i e d  terminal-area t r a j e c t o r i e s  which exerc i sed  the  a i r c r a f t  thl'oughout a 
l a r g e  p a r t  of i t s  f l i g h t  envelope. F l i g h t  tests have demonstrated o n -  
s i d e r a b l e  success  and w i l l  b e  repor ted  i n  a  forthcomillg t echn ica l  
publ ica t ion .q  
Advanced Techniques f o r  Terminal-Area Tra jec tory  Management anA 
Optimization. The requirement f o r  improved e f f i c i e n c y  i n  t h e  te rmina l  a r e a  is  
g ~ e y e r ,  G.;  C ico lan i ,  L. S.:  Appl icat ion of Non Linear  Systems Inverses  
t o  Automatic F l i g h t  Control  Design - System Concepts and F l i g h t  Evaluat ions.  
I n  AGARDOGRAPH on Theory and Appl ica t ions  of Optimal Control  i n  Aerospace 
Systems. To be  publ ished i n  1980. 
d r i v e n  by a need f o r  i n c r e a s e d  c a p a c i t y  of e x i s t i n g  a i r p o r t s  a s  well a s  t h e  
ever - inc reas ing  requirement  f o r  improving t h e  f u e l  and n o i s e  e f f i c i e n c i e s  o f  
a r r i v i n g  and d e p a r r i n g  a i r c r a f t .  The a p p l i c a t i o n  of t h e s e  requirements  t o  
powered- l i f t  STOL a i r c r a f t  assumes p a r t i c u l a r  s i g n i f i c a n c e  because  of t h e  f a r  
g r e a t e r  r ange  o f  p o s s i b l e  approach p r o f i l e s  f o r  t h e s e  a i r c r a f t ,  a s  w e l l  a s  
t h e i r  h i g h  f u e l  consumpkion and n o i s e  p e n a l t i e s  d u r i n g  t h e  l a n d i n g  approach 
i n  t h e  powered- l i f t  c o n f i g u r a t i o n .  To r e a l i z e  t h e s e  improved e f f i c i e n c i e s  
w i l l  l i k e l y  r e q u i r e  advanced computat ional  procedures  t o  be  shared between t h e  
a i r  t r a f f i c  c o n t r o l  s~stem and t h e  i n d i v i d u a l  a i r c r a f t .  For  example, runway 
t h r e s h o l d  times a t  a congested CTOL a i r p o r t  may b e  ass igned  t o  a  mix o f  a i r -  
c r a f t  t y p e s  equipped w i t h  t h e  c a p a b i l i t y  t o  meet t h e s e  a r r i v a l  t imes ,  w h i l e  
main ta in ing  t h e  necessa ry  s e p a r a t i o n  a long  f i x e d  o r  v a r i a b l e  a r r i v a l  p r o f i l e s .  
A l t e r n a t i v e l y ,  approaches t o  l e ss -conges ted  o u t l y i n g  STOLports could  b e  nlade 
more e f f i c i e n t  i f  t h e  a i r c r a f t  could s y n t h e s i z e  i t s  own op t imal  p r o f i l e  
( w i t h i n  reasonab le  r o u t i n g  c o n s t r a i n t s  a s s o c i a t e d  w i t h  n o i s e  f o o t p r i n t  and 
u b s t r u c t i o n  c l e a r a n c e s )  from whatever p o i n t  approach c l e a r a n c e  i s  a u t h o r i z e d .  
Programs of a n a l y s i s ,  s i m u l a t i o n ,  and f l i g h t  test have been c a r r i e d  o u t  
a t  t h e  Ames Research Center  t o  develop t h e s e  sys tems and e v a l u a t e  t h e i r  
p o t e n t i a l  t o  b o t h  CTOL and STOL a i r c r a f t .  For example, a  f u l l y  i n t e g r a t e d  a i r  
t r a f f i c  c o n t r o l  and p i l o t e d  s i m u l a t i o n  i n v e s t i g a t i o n  o f  a t ime-of -a r r iva l  
c o n t r o l  concept  showed s i g n i f i c a n t  i n c r e a s e  i n  a i r p o r t  c a p a c i t y  and reduced 
p i l o t  and c o n t r o l l e r  workload ( r e f .  21) .  I n  o r d e r  t o  i n v e s t i g a t e  time-of- 
a r r i v a l  c o n t r o l  f o r  STOL a i r c r a f t  i n  t h e  f l i g h t  environment,  a  4-D RNAV 
system was i n c o r p o r a t e d  i n  t h e  STOLAND a v i o n i c s  system. The r e s u l t s  of t h e  
f l i g h t  tests a r e  r e p o r t e d  i n  r e f e r e n c e  22. A f u l l y  au tomat ic  f l i g h t  c o n t r o l  
sys tem was employed f o r  t h e  AWJSRA i n v e s t i g a t i o n s  i n  o r d e r  t o  r e l i e v e  t h e  
p i l o t  workload i n  t h e  management of t h e  m u l t i p l i c i t y  of c o n t r o l s  t h a t  a r e  
involved I n  l o n g i t u d i n a l  path and speed c o n t r o l  ( t h r o t t l e ,  f l a p ,  nozzle ,  and 
p i t c h ) .  The performance c h a r a c t e r i s t i c s  of s e v e r a l  a lgori thms t o  c o n t r o l  
v e l o c i t y  a long the  p r o f i l e  were inves t i ga t ed ,  a long wi th  cons ide ra t i on  of t h e  
n e t  e f f e c t  o f  changing winds on t ime-of-arr ival  c o n t r o l  p r ec i s ion ,  Comple- 
mentary t o  t h e  r e s u l t s  of t h e  s imula t ion  t r i a l s  noted above, t h e  p i l o t  f e l t  
t h a t  t he  a i r c r a f t  system concepts and performance c h a r a c t e r i s t i c s  which were 
demonstrated on t h e  AWJSRA showed p o t e n t i a l  f o r  ope ra t i ona l  app l i ca t i ons .  
The r e sea rch  repor ted  i n  r e f e r ence  23 desc r ibes  an approach p r o f i l e  
energy-management system which was developed t o  minimize f u e l  consumption 
and/or  n o i s e  on descending, dece l e r a t i ng ,  and curved approaches i n  t h e  AWJSRA. 
I t e r a t i o n  a lgor i thms  involv ing  backward i n t e g r a t i o n  (from t h e  d e s i r e d  f i n a l  
a i r c r a f t  p o s i t i o n  and s t a t e )  a r e  c a r r i e d  ou t  i n  East  time i n  o rde r  t o  synthe- 
s i z e  an approach p r o f i l e  from t h e  c u r r e n t  a i r c r a f t  pos i t i on .  Cons t r a in t s  
r e f l e c t i n g  acceptab le  usage of c o n t r o l s  a r e  placed on ach ievable  energy r a t e s ,  
which i n  t u r n  de f ine  dece l e r a t i on  and descent  c a p a b i l i t y .  Based on a  
conlputer-stored model of  t h e  t h r u s t  and drag  c h a r a c t e r i s t i c s  of t h e  a i r c r a f t  
ove r  i t s  e n t i r e  f l i g h t  envelope ( l i f t  = weight assumed throughout),  t he  auto- 
p i l o t  p o s i t i o n s  t h e  l o n g i t u d i n a l  c o n t r o l s  t o  t h e  " t r i m "  p o s i t i o n  necessary  t o  
gene ra t e  t h e  requi red  energy r a t e ,  whi le  a  s u f f i c i e n t  amount of c o n t r o l  
a u t h o r i t y  i s  reserved t o  accomplish control- loop pe r tu rba t ion  c o n t r o l  i n  a  
h i e r a r c h i c a l l y  designated manner. I n  order  t o  e x p l o i t  t h i s  c o n t r o l  concept ,  
a l l  four  l o n g i t u d i n a l  c o n t r o l s  may be  a t  l e a s t  slowly moving a t  one t ime, 
making t h e  p i l o t ' s  monitor ing t a s k  s i g n i f i c a n t l y  more d i f f i c u l t  than f o r  a  
convent ional  a u t o p i l o t .  Figure 23, from re fe r ence  23, p r e sen t s  an example of 
l o n g i t u d i n a l  c o n t r o l  activity and p r o f i l e  performance from f l i g h t  test on a  
s t r a i g h t - i n  d e c e l e r a t i n g  s t e e p  approach. 
An important  f e a t u r e  of t h i s  concept is  t h e  p re sen t a t i on  on t h e  elec- 
t r o n i c  mu l t i func t ion  d i sp l ay ,  shown I n  f i g u r e  5, of continuously updated 
opt imal  t r a j e c t o r i e s  a s  t he  a i r c r a f t  approaches t h e  terminal-area under i t s  
own naviga t ion ,  o r  a l t e r n a t i v e l y ,  under t h e  management of a i r  t r a f f i c  con- 
t r o l  vec to r s  p r i o r  t o  r ece iv ing  approach c learance .  An example i s  shown i n  
f i g u r e  24 ,  where updated t r a j e c t o r i e s  t o  t h e  f i n a l  approach waypoint 2 (or  any 
o t h e r  p re se l ec t ed  Eixed po in t )  are synthes ized  a t  i n t e r v a l s  of approximately 
5 s ec  a s  t h e  a i r c r a f t  p rogresses  along some i n i t i a l  course.  When t h e  p i l o t  
selects t h e  approach t r a c k  mode, t h e  c u r r e n t l y  synthes ized  t r a j e c t o r y  i s  
f rozen  and t racked wi th  the  opt imal  energy management conf igursc ions  appro- 
p r i a t e  t o  t h e  i n i t i a l  and f i n a l  a i r c r a f t  s t a t e s .  Associated wi th  each synthe- 
s i z e d  t r a j e c t o r y  is the  pred ic ted  a r r i v a l  t i m e  a t  t he  f i n a l  pos i t i on ,  sug- 
ges t i ng  t h e  p o t e n t i a l  f o r  combining t h e  4-D time of a r r i v a l  c o n t r o l  system 
descr ibed  e a r l i e r  w i t h  t h i s  more f l e x i b l e  system which i s  not  neces sa r i l y  
cons t ra ined  by any s i n g l e  f i xed  t r a j e c t o r y .  
The requirement f o r  methods t o  improve t h e  e f f i c i e n c y  of terminal-area 
proced~rres  w i l l  p e r s i s t  and w i l l  eventua l ly  be  r e a l i z e d  i n  one form o r  another  
a s  cos t -benef i t  f a c t o r s  improve. The r ap id ly  developing c a p a b i l i t i e s  of 
d i g i t a l  microprocessor-based av ionics  systems and e l e c t r o n i c  d i s p l a y s  w i l l  be 
i n s t rumen ta l  i n  achieving c a p a b i l i t i e s  such a s  those  descr ibed i n  t h i s  s e c t i o n  
and throughout t h i s  paper. 
CUNCLUDZNG REMARKS 
The programs which have been reviewed he re  r ep re sen t  a  very  s i g n i f i c a n t  
c o n t r i b u t i o n  t o  t h e  powered-llft  STOL t e c h n o l o ~ y  base  t h a t  ha s  heen developcd 
by NASA i n  t h e  p a s t  twelve o r  more years ,  The scope of t he se  programs is a 
r e f l e c t i o n  of t he  f l e x i b i l i t y  and c a p a b i l i t y  of t h e  STOLtWD d i g i t a l  av ion ic s  
system, and t h e  unusual  c a p a b i l i t y  of t h e  r e sea rch  a i r c r a f t  t h a t  toge ther  
allowed a  wide v a r i e t y  of c o n t r o l  system concepts t o  be i nves t i ga t ed .  I n  
a d d i t i o n  t o  con t r ibu t ing  i n  a  gene ra l  sense  t o  t h e  des ign  of systems f o r  new 
powered-l i f t  a i r c r a f t ,  t h e  s p e c i f i c  experience and d a t a  accumulated during 
t h e s e  programs w i l l  s t r ong ly  b e n e f i t  any f u t u r e  development of t h e  augmentor 
wing concept. I n  consequence, and tak ing  i n t o  account t h e  many wind tunne l  
i n v e s t i g a t i o n s ,  cons iderab le  confidence has  been estnb1,ished towards des ign  
d e f i n i t i o n  of a  product ion augmentor wing t r anspo r t  a i r c r a f t  f o r  m i l i t a r y  use ,  
an in te rmedia te  s t e p  which f o r  mission requirement and economic reasons f re -  
quent ly  has  preceded c i v i l  app l i ca t i on  of new-technology a i r c r a f t .  
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